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Summary 
 
This thesis deals with diagenetic and structural processes in the Late Precambrian to 
Early Cambrian Ara Group petroleum system of the South Oman Salt Basin (SOSB) 
and the Ghaba Salt Basin (GSB). The Ara hydrocarbon play is constituted by partly 
highly overpressured up to 150 m thick carbonate bodies (so-called ‘stringers’), which 
are source and reservoir rock at the same time. The stringers are fully enclosed by 
thick Ara salt diapirs, which form the bottom, side and top seal of this unconventional 
hydrocarbon system at burial depths of ? 3 to 6 km.  
The evolution of reservoir quality of the stringers in the SOSB was investigated with 
special emphasis on the cementation of porosity by halite and solid bitumen as well as 
on the sealing capacity and rheology of the surrounding Ara salt. In addition, these 
findings were compared with data from the Ara Group, constituting six surface-
piercing salt domes in the GSB (Northern Oman).  
Based on detailed microscopic investigations using different techniques, a number of 
geochemical analyses were carried out, involving organic geochemistry and 
correlated solid bitumen reflectance, stable isotopes of carbonates and bromine 
geochemistry of halite.  
Halite cementation is one of the greatest exploration risks in the Ara stringer play. An 
early phase of halite cementation pre-dates solid bitumen in pores of facies with 
initially favourable reservoir properties. In most cases, this early halite plugs all 
available porosity in the uppermost parts of the stringers. Geochemistry of the early 
halite revealed significantly high contents (up to 280 ppm) of bromine. The 
distribution patterns and the (high) bromine contents of early halite are consistent 
with precipitation due to seepage reflux of highly saturated brines during deposition 
of the following rock salt interval. Petrographically late halite post-dates solid 
bitumen in pores and fractures and is depleted in bromine (down to 170 ppm) as a 
result of solution-reprecipitation of early halite. 
Solid bitumen represents another reservoir-deteriorating phase in the Ara stringers 
and occurs as pore- and fracture-lining cement. It mainly formed by thermal cracking 
due to the influx of external hydrothermal fluids as deduced from a very 
heterogeneous distribution of maximum paleo-temperatures throughout the Ara 
stringer intervals. This is supported by the presence of coke-like solid bitumen, which 
  
indicates paleo-temperatures up to 380 °C and by hydrothermal minerals in veins. The 
influx of these fluids into the carbonate stringers is considered to represent a major 
contribution to their strong overpressures.  
These high fluid overpressures were partly released into the over- and underlying Ara 
salt intervals as evidenced by black hydrocarbon-stained salt cores, which indicate 
repeated loss of its sealing capacity. Microstructures of this black salt show solid 
bitumen-impregnated grain boundaries and microcracks and also evidence for crystal 
plastic deformation and dynamic recrystallization. Subgrain size piezometry indicates 
a maximum differential paleo-stress of less than 2 MPa. Under such low shear stress, 
laboratory-calibrated dilatancy criteria indicate that oil can only enter the rock salt at 
near-zero effective stresses, where fluid pressures are very close to lithostatic. This 
means that the oil pressure in the carbonate reservoirs increased until it was equal to 
the fluid pressure in the low but interconnected porosity of the Ara Salt plus the 
capillary entry pressure. These conditions define the limits to the sealing capacity of 
halite, above which the permeability can increase by many orders of magnitude. 
Sealing capacity is regained, if the fluid pressure drops below ?3, at which point rock 
salt will re-seal to maintain the fluid pressure close to lithostatic values. Triaxial 
deformation experiments of the Ara salt revealed very similar creep behaviour 
compared to the most common deformed halite rocks with steady state creep at strain 
rates of 10-7 1/s, which is orders of magnitude higher than expected in-situ rates, 
except perhaps during borehole closure-related creep during drilling. 
Microstructural investigations of Ara salt from the subsurface (SOSB) and the surface 
(GSB) indicate growth of chevron and hopper crystals in marginally shallow marine 
brine pools. During subsequent passive diapirism, the salt started to dynamically 
recrystallize, accompanied by fluid-assisted grain boundary migration. Subgrain size 
piezometry of the Ara salt revealed that highest differential paleo-stresses (up to 5 
MPa) occur in the narrow stem of a diapir. It is in this structural level, where the intra-
salt stringers underwent most intense deformation as observed by tectonic breccias 
and veins of the surface-piercing carbonates in the GSB. Stable isotopes of these 
veins indicate a meteoric signature, suggesting deformation under diagenetic open 
conditions due to salt dissolution prior to final piercement of the surface. 
 
 
 
  
Zusammenfassung 
 
Die vorliegende Arbeit handelt über diagenetische und strukturelle Prozesse im 
Kohlenwasserstoffsystem der Spät-Präkambrisch bis Früh-Kambrischen Ara Gruppe 
im Südlichen Oman Salz Becken (SOSB) und Ghaba Salz Becken (GSB). Die Ara 
Gruppe wird von bis zu 150 m mächtigen Karbonat-Körpern (sog. ‘stringer’) 
aufgebaut, die z.T. hohe Fluid-Überdrücke aufweisen, und sowohl Mutter- als auch 
Reservoirgestein darstellen. Diese ‘stringer’ sind vollständig von mächtigen Ara 
Salzdiapiren eingeschlossen, die somit das Abdeckgestein dieses unkonventionellen 
Kohlenwasserstoffsystems in Versenkungstiefen zwischen 3 bis 6 km bilden. 
Es wurde die Entwicklung von Reservoir-Qualität in den ‘stringer’ untersucht; im 
Speziellen die Zementierung von Porosität durch Halit und Fest-Bitumen sowie das 
Abdichtvermögen und die Rheologie des umgebenden Ara Salzes. Zusätzlich wurden 
die Daten aus den o.g. Untersuchungen mit Erkenntnissen von Ara Karbonat-
‘stringer’ und Evaporiten aus sechs Salzdomen im GSB (Nord-Oman) verglichen.  
Die Methodik dieser Arbeit beinhaltete diverse petrographische Techniken, auf deren 
Basis Reife-Messung (Fest-Bitumen Reflektion), organisch-geochemische Analysen 
von Fest-Bitumen, stabile Isotopen von Karbonaten und die Bestimmung von Brom-
Gehalten in Halit-Zementen durchgeführt wurden. Eine der größten Unsicherheiten 
für die Auffindung von Kohlenwasserstoffen in den Ara ‘stringer’ stellt die weit 
verbreitete Zementierung von Halit dar. Eine frühe Phase der Halit-Zementierung 
fand vor der Entstehung von Fest-Bitumen im Porensystem des  oberen Bereiches der 
Karbonat-‘stringer’ statt. Dieses Verteilungsmuster und außerordentlich hohe Brom-
Gehalte (bis zu 280 ppm) dieser Halitzemente deuten auf eine Kristallisation aus hoch 
übersättigten Meerwasser hin, das während der Ablagerung des folgenden 
(überlagernden) Ara Salz Intervalls in die Karbonate einsickerte. Petrographisch 
später Halit (nach Fest-Bitumen) zeigt abgereicherte Brom-Gehalte (bis zu 170 ppm), 
was auf Lösung und Wiederausfällung des frühen Halits in Poren und Störungen 
innerhalb des diagenetisch geschlossenen Systems der Karbonat-‘stringer’ hindeutet. 
Fest-Bitumen ist ein weit verbreiteter Zement in den Ara ‘stringer’ und umsäumt 
Poren und Mikrorisse, was zur weiteren Degradation der Reservoir Qualität beiträgt. 
Die extrem heterogene Verteilung von Paläo-Temperaturen (berechnet aus 
Reflektionsmessungen an Fest-Bitumen) über einen Tiefenintervall von 3-5.5 km und 
das Vorkommen von Pyrobitumen, der eine Reife von ca. 380 °C aufweist, lassen auf 
  
hydrothermale Bildungsbedingungen (thermische Aufspaltung von Öl in Gas und 
Fest-Bitumen) für einen Großteil des Fest-Bitumens in den Ara ‘stringer’ schließen. 
Der Eintrag dieser (externe) Fluide ist eng mit der Entwicklung hoher Fluid-
Überdrücke in den ‘stringer’ verknüpft. Eine Freisetzung dieser Überdrücke ist 
stellenweise in Salzbohrkernen direkt über- und unterhalb eines ‘stringer’ 
dokumentiert. Dort ist das Salz intensiv schwarz gefärbt, was auf eine Imprägnierung 
von Korngrenzen und Mikrorissen des Salzes durch Fest-Bitumen zurückgeht. 
Subkorngrößen-Piezometrie an diesen Salzproben deutet eine maximale Paläo-
Differential Spannung von weniger als 2 MPa an. In Kombination mit definierten 
Dilatanzkriterien für Steinsalz, deutet diese geringe Scherspannung darauf hin, dass 
das Öl das Salz unter Fluiddrücken nahe dem lithostatischen Gradienten plus des 
kapillaren Eintrittsdrucks infiltriert hat. Diese Bedingungen definieren die 
Begrenzung für das Abdichtvermögen von Steinsalz, über welcher die Permeabilität 
einen Anstieg mehrerer Größenordnungen erfährt. Triaxiale 
Deformationsexperimente zeigten, dass das Ara Salz ein ähnliches Kriechverhalten 
im Vergleich zu den am Häufigsten deformierten Salzgesteinen aufweist. 
Mikrostrukturelle Untersuchungen von Ara Salzproben aus dem Untergrund (SOSB) 
und der Erdoberfläche (GSB) zeigen, dass sich sog. ‚chevron’ und ‚hopper’ Kristalle 
in periodisch gefluteten flachmarinen Randbecken bildeten. Nachfolgend unterlag das 
Ara Salz mehrerer Phasen dynamischer Rekristallisation und fluid-unterstützter 
Korngrenzen-Migrationsrekristallisation während der beginnenden Halokinese (SOSB 
+ GSB) und einer späteren Phase des reaktiven Diapirismus im GSB. Subkorngrößen-
Piezometrie des Ara Salzes aus dem SOSB und dem GSB zeigt, dass die höchsten 
Differential-Spannungen (bis zu 5 MPa) im obersten Stockwerk eines Salz Diapirs 
herrschen. In diesem strukturellen Niveau unterliegen die Karbonat-‘stringer’ 
intensivster tektonischer Beanspruchung, bevor diese die Erdoberfläche durchstoßen. 
Dies wird durch eine deutlich meteorische Signatur (abgereicherte ?18O Werte) von 
syn-tektonischen Calcit-Zementen aus Mineraladern in tektonischen Brekzien der 
Karbonat-‘stringer’ aus den Salzdomen im GSB abgeleitet. 
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Chapter 1: Introduction, Background and Aims 
 
1 Introduction 
This thesis deals with diagenetic and structural processes in carbonates and evaporites 
of the Late Precambrian to Early Cambrian Ara Group during the tectono-sedimentary 
evolution of the South Oman Salt Basin (SOSB) and the Ghaba Salt Basin (GSB).  
One important process is the formation of sub-, supra- and intra-salt accumulations of 
oil and gas. In many basins, this association is completed by the presence of 
carbonates, which form hydrocarbon reservoirs and/or source rocks within the marine 
evaporite succession (e.g. Strohmenger et al., 1996; Schröder et al., 2003 and 2005). 
Understanding a basin history and evolution requires background knowledge of the 
many processes having acted in a basin, as well as their interactions. For the 
evaluation of hydrocarbon systems, there is a wide range of processes, influencing the 
reservoir quality as well as seal integrity and hydrocarbon generation and migration. 
A consistent picture is obtained when data from all possible sources and disciplines 
are integrated. Therefore, the first section introduces general aspects and processes 
relevant for the characterization of hydrocarbon systems in the burial evolution of an 
evaporite basin, before the following section reviews previous work on the study area, 
involving the topics of this thesis. 
 
2 Background  
2.1 The evolution of hydrocarbon systems in evaporite 
basins – An overview   
Evaporites, particularly rock salt, are ranked as the most effective seals worldwide 
(Downey, 1984). Although evaporites constitute less than 2% of the world’s 
sediments, about one-half of the world’s largest oilfields are sealed by evaporites, the 
other half by shale (Grunau, 1987). About 50% of the world’s known total petroleum 
reserves in carbonates are capped by evaporites (Kirkland & Evans, 1981) and about 
70% of the world’s giant oilfields in carbonates are associated with evaporites (Yi-
Chapter 1: Introduction 
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Gang, 1981). These numbers show the economic importance of evaporite basins. 
Ancient evaporite basins constitute a natural laboratory to study subtle variations in 
the environmental and depositional conditions of the past in tandem with the tectonic 
history and associated fluid flow processes.  
A valid hydrocarbon system requires petroleum charge from an organic-rich source 
rock, a reservoir unit, capable of storing the petroleum fluids and a seal, which holds 
the petroleum fluids at the stratigraphic level of the reservoir in local subsurface 
concentrations, the traps. These elements define a hydrocarbon play (e.g. Allen & 
Allen, 1990). All of the play components form in different stages during basin 
evolution, which is exemplarily reviewed in the following for a sedimentary basin 
constituted by marine carbonates and evaporites such as the SOSB and GSB. 
 
In sedimentary basins, petroleum forms by chemical reactions from biogenic 
precursor material. In an evaporitic environment, biomass production can be 
extremely high (Cohen et al., 1977) such as in carbonates deposited in a hypersaline 
lagoon, where sources of organic matter are microbial mats, mangroves or seagrass. 
Microbial mats are mostly associated with a supratidal sabkha environment with Corg 
values between 1.6% and 4.5% (Kenig & Huc, 1990). For example in the Abu Dhabi 
lagoon, shallow marine porous carbonates adjacent to the sabkha facies are relatively 
poor in organic carbon (Kenig et al., 1990), potentially constituting the reservoir 
facies. In such rather restricted marginally marine depositional environments, large 
amounts of evaporites such as halite can precipitate chemically when evaporation 
exceeds inflow. The association and facies transition of carbonates and evaporites is 
largely controlled by the basin and carbonate platform architecture. For example, 
carbonate platforms generally have formed in evaporitic basins when marine 
conditions existed in a well-circulated basin connected to the open ocean. In this 
setting, evaporites (seal) deposit in the platform interiors, which are prevented from 
open circulation by ‘barriers’, while condensed sections of organic-rich mudstones 
(source rock) occur in basinal areas seaward of the transgressive carbonate platforms 
(reservoir rock). The chronostratighraphic and architectural framework of carbonate-
evaporite facies transitions are commonly outlined in sequence stratigraphic models 
(Strohmenger et al., 1996; Sarg, 2001; Becker & Bechstädt, 2006). 
The earliest stages in the burial evolution of an evaporite-carbonate dominated basin 
involve dolomitization of primary limestones. Many models have been developed in 
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order to explain the origin of ancient dolomite rocks (see Flügel, 2004 and references 
therein). The most favoured model for dolomites associated with evaporites is the 
seepage-reflux model in a hydrologically open system, whereby Mg2+-rich 
hypersaline fluids with a high Mg/Ca ratio permeate underlying carbonate units 
(Adams & Rhodes, 1960; Kendall, 1988). Dolomitization does not necessarily 
improve porosity or permeability (Warren, 2000). The early models assumed 
dolomitization to occur within a relatively closed system, with a local source for Mg 
and CO3 ions and a reduction of mineral volume (and an increase of porosity) as 
dolomite has a smaller molar volume than calcite or aragonite (Murray, 1960). 
However, Lucia & Major (1994) showed that dolomitization of limestone typically 
results in a volume increase (and a loss of porosity), if there is an external source of 
Mg and CO3 ions. In combination with petrography, stable isotope compositions help 
to define the conditions of dolomite formation. Due to continuing recrystallization, 
isotope proportions are overprinted and reset by later diagenetic episodes, especially 
in open fluid-rock systems. The evolution of oxygen isotopes in a dolomite 
undergoing burial alteration reflects the successive temperatures of precipitation and 
the isotopic compositions of the dolomitizing fluids. In contrast, the ?13C value of a 
dolomite strongly reflects the value of the precursor carbonate, or the influence of 
abundant hydrocarbons or organic matter. Typical pore fluids are initially low in 
carbon so that the ?13C value of the dolomite reflects that of its precursor (Warren, 
2000). 
Besides dolomitization, the evaporite-carbonate system typically undergoes a number 
of additional early diagenetic modifications. If the depositional environment becomes 
more and more restricted and the seawater evolves to increase its salinity, the 
carbonate platform will be overlain by evaporites such as gypsum and salt rocks 
(halite and high salts). In the zone of active phreatic flow (10’s – 100’s metres depth: 
Warren, 2006), refluxing brines become progressively concentrated in tandem with 
the seawater and tend to decrease reservoir quality of the (underlying) carbonates due 
to the cementation of primary porosity by evaporite minerals such as gypsum, 
anhydrite or halite (e.g. Kendall, 2000).   
Syndepositional alteration accompanied with cementation and porosity loss in a rock 
salt dominated succession continues until fluid flow within this succession can no 
longer be supported. In pure rock salt, this condition is typically very early, i.e. layers 
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below 30 m are tightly cemented (Casas & Lowenstein, 1989). This is a very 
important stage in the burial evolution of an evaporite basin, marking the change from 
diagenetic open to closed system conditions in the underlying carbonate platform. The 
continuous loading of sediment during burial causes an increase in effective stress, 
which commonly leads to compaction and reduction of the pore volume and forcing 
out the formation fluids (Plumley, 1980), a process which usually is in equilibrium 
(hydrostatic pore pressures). However, when the basin undergoes rapid burial (and 
high sedimentation rates), pore fluids are expelled faster in response to the rapid 
increase of overburden stress. This process can lead to an early increase of pore fluid 
pressures (the rock unit is then ‘overpressured’) when the fluids cannot expel fast 
enough in the presence of a vertical and lateral seal (Secor, 1965), a process known as 
disequilibrium compaction (see Swarbrick & Osborne, 1998 for full discussion). Salt-
sealed overpressured intervals can be as shallow as a few hundreds of metres because 
of the salt’s very low permeability (Hunt, 1990). The pressure boundaries between a 
salt seal and a reservoir beneath can be very sharp, which represent potential drilling 
risks as can drilling through porous rafts of overpressured anhydrite and dolomite 
enclosed in halokinetic salt (e.g. Kukla et al., 2007). Mineral transformation is 
another process, which can contribute to an early build-up of overpressures. In the 
evaporite setting, this is especially valid for the dewatering of thick gypsum beds to 
anhydrite, a process which is generally believed to occur above 60 °C with an 
accompanying release of ? 60% water per unit volume gypsum (Hardie, 1967). Under 
similar conditions, pressure solution in carbonates becomes an effective process. 
Many authors favour burial of several thousands of metres, however, stylolites were 
also observed in sediments, which were buried only some tens of metres (Flügel, 
2004). Generally, stylolitization contributes to bulk volume reduction and reduces 
porosity depending on the degree of precompaction cementation. At the same time, 
the stylolite surfaces may enhance reservoir quality as they can act as conduits for 
petroleum fluids (Braithwaite, 1989).  
When the envisaged basin progressively subsides, the organic matter within the 
carbonate-evaporite succession (see above) becomes heated and ‘matures’. The term 
‘maturation’ addresses thermally induced changes in the nature of organic matter in 
sediments, resulting in the formation of kerogen (Radke et al., 1997). The organic 
material from primary production is broken down by microbial alteration into smaller 
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constituents. Microbial degradation and condensation act in the top few metres of 
sediment and with increasing burial depth, the organic material becomes more and 
more insoluble and ultimately results in kerogen. Small amounts of the kerogen are 
soluble in organic solvents and termed as bitumen, comprising asphaltenes and resins 
that may have been thermally cleaved from the kerogen. During progressive burial, 
hydrocarbon molecular fragments start to break off and are expelled from the kerogen 
(Littke, 1993; Killops & Killops, 2005). This process becomes active, when the 
kerogen arrives in the main zone of oil generation, the so-called ‘oil window’, which 
is located in the temperature range of 100 – 150 °C (MacKenzie & Quigley, 1988). In 
the initial stage of generation, the petroleum fluids start to move out of the fine-
grained source rock (primary migration) and subsequently through pores and pore 
throats in carrier and reservoir rocks (secondary migration) to the trap. The main 
mechanisms acting during primary migration are diffusion within the kerogen 
network, desorption from kerogen to pore space, aggregation from pore wall into pore 
space and finally flow of oil within the pore space (Mann, 1994). Then, hydrocarbons 
start to move driven by buoyancy forces. The buoyancy forces must overcome 
capillary resistance, which is controlled by variations in the diameter of the pore 
throats and surface tension. In a water-wet porous rock the movement of oil or gas is 
hindered by a pressure difference (capillary pressure) to force the hydrocarbon-water 
interface through the pore throats (Berg, 1975; Schowalter, 1979). When the buoyant 
forces of hydrocarbons in the reservoir increase, the nonwetting phase (oil or gas) will 
replace the intergranular wetting phase (water or brine) at the reservoir-seal interface 
along interconnected pore throats (Ingram et al., 1997; Li et al., 2005). Therefore, the 
capillary pressure of a seal has to oppose the upward buoyancy pressure of the 
hydrocarbon column plus any excess overpressure in the reservoir to prevent leakage.  
Evaporites, especially rock salts, are the most effective seals, because they have very 
high entry pressures, very low permeabilities, and a commonly large lateral extent. 
Furthermore, the near-isotropic stress state provides resistance to hydrofracturing. The 
leakage conditions of rock salt have been defined for engineering (short-term) 
applications (e.g. Popp et al., 2001); however, the geological conditions for rock salt 
to leak have not been documented so far.  
When the evaporite basin is dominated by rock salt, traps may form in a supra-salt 
position, while sub- and intra-salt plays may evolve due to very complex tectonics 
(‘halokinesis’) as it progressively subsides. The rheological properties of rock salt 
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(see above) enables lateral and vertical ‘flow’, resulting in salt ‘pillows’, ‘diapirs’ or 
even salt ‘glaciers’, when the conditions allow the salt to pierce the surface (Jackson 
et al., 1996; Schléder, 2006; for review see Warren, 2006, p. 375-453).  
When the basin is buried to depths, which correspond to temperatures above 150 °C, 
it arrives in the so-called ‘gas window’, in which the oil pool in the carbonate 
reservoir undergoes thermal cracking at the so-called ‘oil deadline’ (Dahl et al., 
1999). This process strongly alters both, the reservoir and oil quality as it thermally 
breaks down into gas and solid reservoir bitumen, which is precipitated in pores and 
pore throats. In a similar temperature field (around 140 °C), thermochemical sulfate 
reduction (TSR) can be an active process in the carbonates, which is triggered by the 
reaction between aqueous sulfate and petroleum fluids to produce H2S, calcite and 
solid reservoir bitumen (Machel, 2001). Locally, TSR can produce substantial 
amounts of water showing low salinities (Worden & Smalley, 1996), which may 
contribute to enhance reservoir quality by dissolution of evaporite and carbonate.  
 
The relationships of the alteration processes outlined above are much more complex 
in detail. The synthesis of these observations is commonly displayed in a paragenetic 
sequence (Fig. 1), which creates a relative temporal framework for the diagenetic 
history of an evolving hydrocarbon system. 
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Figure 1. Overview chart illustrating a general paragenetic sequence, displaying the most 
significant processes of an evolving hydrocarbon ‘play’ in a subsiding evaporite basin. The 
bars span the relative timing of a process; only the main processes are shown here. Boundary 
conditions for each process were compiled from various sources cited in the text above. 
 
2.2 Previous work on the study area and overview of this 
thesis 
Carbonates and rock salt studied in this thesis derive from the Late Precambrian to 
Early Cambrian Ara Group of the South Oman Salt Basin (SOSB) and the Ghaba Salt 
Basin (GSB), which constitute (together with the Fahud Salt Basin in the NW) the 
deep subsurface of interior Oman (Fig. 2).  
The formation of the SOSB commenced with sedimentation of the Huqf Supergroup 
from the Late Neoproterozoic until the Early Cambrian on Pan-African crystalline 
basement (Gorin et al., 1982) due to intracontinental extension and rifting (Loosveld 
et al., 1996). The Huqf Supergroup consists of four groups, one of which is the Ara 
Chapter 1: Introduction 
 22
Group, spanning the Precambrian-Cambrian boundary (Amthor et al., 2003) (see Fig. 
2).  
Rapid subsidence of the SOSB controlled evaporite to carbonate sedimentation of the 
Ara Group, which is constituted by six third-order cycles and buried to depths of 3 to 
6 km (Mattes & Conway Morris, 1990). The depositional architecture of the cycles is 
very similar, starting with the deposition of an evaporitic unit denoted as A’X’E 
(mainly rock salt and gypsum, later converted to anhydrite), which is overlain by the 
corresponding carbonate unit referred to as A’X’C (Schröder, 2000) (see Fig. 2). 
Shallow-platform carbonates formed during marine flooding of the basin and 
comprise peritidal laminites and open marine thrombolites, which form the main 
reservoir facies for oil and gas in the SOSB (Al-Siyabi, 2005; Schröder et al., 2005). 
Chapter 2 of this thesis focuses on how the reservoir quality of these carbonates was 
influenced in this early stage of burial evolution of the SOSB. Early diagenetic 
alterations of the carbonates are discussed as well as alterations, which later occurred 
in the deep burial realm. Special emphasis was laid on the cementation of porosity by 
halite, which represents one of the greatest exploration risks in the Ara play as well as 
in a number of other evaporite basins worldwide (e.g. Sears & Lucia, 1980; Laier & 
Nielsen, 1989; Kendall, 2000; Putnis & Mauthe, 2001). 
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Figure 2. Overview map shows the study areas (circles) in the ‘Infra-Cambrian’ salt basins of 
interior Oman (shaded in grey). The subsurface Ara Group samples studied in this thesis 
derive from the exploration areas of Greater Harweel and Greater Birba in the South Oman 
Salt Basin. The outcropping Ara Group samples come from six surface-piercing salt domes of 
the Ghaba Salt Basin: Qarn Sahmah (QS), Qarn Nihayda (QN), Qarn Alam (QA), Jebel 
Majayiz (JM), Qarat Kibrit (QK) and Qarat Al Milh (QM). Note the position of JM and QM 
at the Maradi fault zone and QK at the Burhaan fault zone. Inset lower right summarizes the 
stratigraphy of the subsurface of interior Oman modified (after Peters et al., 2003). Inset 
upper right illustrates the nomenclature of the Ara carbonate to evaporite cycles (modified 
after Al-Siyabi, 2005). 
 
During seawater highstands, prolific oil source rocks have been formed in the deeper 
(some hundreds of meters), periodically anaerobic to dysaerobic parts of the basin 
(mainly slope and basinal mudstones) (Mattes & Conway Morris, 1990). Parts of 
chapter 3 provide insights into the depositional environment of the organic matter in 
the Ara carbonates using organic geochemical analyses.  
The Ara evaporite cycles include halite and anhydrite, which replaced primary 
gypsum (Mattes & Conway Morris, 1990). The evaporites were deposited during a 
lowstand systems tract as a result of increasing salinities during basin restriction. The 
shallow water carbonates evolved into a series of sulphate and ultimately halite 
salinas with some minor amounts of high salts (Schröder et al., 2003). Parts of the 
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microstructural and correlated geochemical analyses presented in chapter 5 provide 
additional insights on the environmental and depositional conditions of the Ara salt 
during ‘Infra-Cambrian’ times.  
In this stage of Ara Group deposition, thick masses of rock salt were accumulated 
associated with strong subsidence of the SOSB, which led to fracturing of the 
underlying carbonate intervals. During progressive deposition of the Ara Group and 
the (following) Haima Supergroup (Cambrian to Ordovician, see Fig. 2), the 
carbonate platforms most likely underwent fracturing and boudinage due to 
halokinetic movements, promoting compartmentalization into so-called carbonate 
‘stringers’. This is inferred from seismic interpretation and from the large rheological 
contrasts between the dolomitic carbonates and the rock salt (Fig. 3). As from the 
earliest stages of halokinetic movements, the rock salt started to recrystallize by 
dislocation creep processes accompanied by fluid-assisted grain boundary migration 
(in parts discussed in chapter 5) around the competent carbonates. Due to a strong 
vertical flow (and shear) in a salt diapir, the ductile extension of the carbonates cannot 
not keep pace with that of the rock salt, whereby the carbonate platforms tend to pull 
apart into boudins (stringers). This is a very important stage in the structural evolution 
of the intra-salt stringer reservoirs, because the strength and resistance to salt flow is 
drastically reduced by break up and boudinage, respectively. It marks the beginning 
of a largely allochtonous development of the stringers, which hampers the prediction 
of the correct stratigraphic interval and in some cases the interpretation of the exact 
stringer position from seismic data.   
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Figure 3. Illustrations of the strength and strain contrasts between a rheological weak source 
matrix and a strong interbedded layer. a) Pegmatite dyke inside coarse-grained marble from 
the high-grade core of Naxos, Greece. The pegmatite is boudinaged and rotated and displaced 
(from Schenk et al., 2007). b) Seismic cross section of an Ara salt diapir, exemplarily 
showing interpreted stringer occurrences and faults (from Al-Siyabi, 2005). c) Geologic 
cross-section of b), showing that the stringer interbedded with the salt underwent 
compartmentalization due to boudinage. This is achieved by anisotropic strain effects as the 
salt moves towards the stem of the Ara salt diapir as a result of differential loading of the 
Haima clastics. 
 
Finally, the rifts of the SOSB and GSB were filled up by thick continental clastics of 
the Haima Supergroup derived from the surrounding highs at Middle Cambrian times 
(Loosveld et al., 1996). This caused a laterally highly variable thickness of the Ara 
salt due to strong halokinesis triggered by differential loading of the thick continental 
Haima clastics above the Ara Group until the end of Ordovician. In this period of 
‘passive downbuilding’, the carbonate stringers started to generate oil. Organic 
geochemical data support in-situ maturation with the majority of the oils deriving 
from within the stringers (Terken et al., 2001; Taylor et al., 2007). The conversion of 
kerogen to oil and gas most likely contributed to the strong overpressures in the 
majority of the intra-salt stringers besides other processes such as under compaction 
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and mineral transformation (gypsum ? anhydrite) (Mattes & Conway Morris, 1990; 
Kukla et al., 2007). Another process is proposed in chapter 3, which suggests the 
external entry of hydrothermal fluids into the stringers along hydrofractures through 
the Ara salt, causing thermal cracking of oil into gas and solid reservoir bitumen, 
which represents another major exploration risk in the Ara carbonate stringers.  
Chapter 4 shows that these high fluid overpressures were partly released into the 
surrounding Ara salt as indicated by black solid reservoir bitumen-impregnated rock 
salt cores. The results of this study contain important and new aspects on the sealing 
capacity of rock salt and associated fluid flow mechanisms. The deformation history 
of the Ara salt based on microstructural analysis and paleo-stress calculations are the 
topic of chapter 5. A set of triaxial deformation experiments for the Ara salt was 
carried out in order to derive creep parameters for the assessment of the Ara salt 
rheology, which is of relevance for oil production out of the carbonate stringer 
reservoirs in the SOSB (chapter 6). 
 
While the Ara salt diapirs in the SOSB remained unchanged after the phase of passive 
downbuilding, the Ara Group in the GSB underwent a retrograde evolution with six 
diapirs piercing the surface of interior northern Oman (Loosveld et al., 1996; Peters et 
al., 2003; Filbrandt et al., 2006; see Fig. 2 for location). So far, the only work 
published on these salt domes clearly showed that the constituent lithologies mainly 
comprise the same Ara Group facies as in the deeply buried Ara play in the SOSB 
(Peters et al., 2003). The outcropping carbonate stringers in the salt domes, thus, 
represent an important analogue to study reservoir diagenesis, and sedimentological 
and structural aspects in lateral continuity (chapter 7). 
The structural evolution of the six surface-piercing salt domes is complex and 
unlikely to have been uniform. As in the SOSB, first halokinetic movements were 
triggered by passive downbuilding (Loosveld et al., 1996). Subsequently, the diapirs 
were buried under a thick sedimentary cover. 
A recent study on the kinematic and structural evolution of North Oman showed that 
active piercing of the strata overlying the Ara Group and ultimately of the surface was 
initiated by the reactivation of deep-rooted sinistral strike-slip faults of the Maradi 
fault zone and the Burhaan fault in the Late Cretaceous due to the period of thrusting 
of the Oman ophiolites (Filbrandt et al., 2006). Chapter 7 provides strong indications 
that the tectonic activity of these fault zones was accompanied by hydrothermal fluid 
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flow, which supports a deep-rooted origin of these faults with fracture-fills possibly 
indicating a basement-derived geochemical signature.  
The structural evolution of the carbonate stringers within the rising Ara salt diapirs 
until the surface is extremely difficult to deduce from fieldwork (Peters et al., 2003; 
chapter 7). Generally, the surface-piercing salt domes are characterized by a pillow-
like geometry with very long diapir ‘stems’, surrounded by a complex network of 
normal, strike-slip and reverse faults, indicating a temporarily compressive stress field 
(Peters et al., 2003).  
Exploration activities on the salt domes aimed to delineate potential hydrocarbon 
traps around the diapir flanks. Seismic interpretation of the deeper portions of the salt 
domes is difficult but indicates burial depths of about 10 km for the base of some 
domes and possible occurrences of intra-salt sedimentary bodies in the subsurface 
(Peters et al., 2003). Preliminary implications from facies analysis and geochemical 
data presented in chapter 7 suggest that most of the carbonate stringers exposed in 
the salt domes at the surface comprise the uppermost stringer intervals (i.e. A5C and 
A6C, see Fig. 2), which show only minor amounts of hydrocarbons in the Ara play of 
the SOSB. Further research on the surface-piercing carbonates will show, if the 
extrapolation of data on the Ara lithofacies development from the SOSB to the GSB 
is a correct and valid approach. This would extremely highgrade prospectivity of a 
possible Ara intra-salt play in the GSB as the lower stringer intervals (i.e. A2C and 
A3C), which may be still buried in the GSB, represent the main hydrocarbon flow 
units in the SOSB. 
 
Chapter 2 to 7 are written as self-standing entities, published, submitted or intended to 
be published as separate papers. Therefore, repetition of some parts was unavoidable. 
Each chapter contains an Appendix, which include some additional information in the 
form of field and microstructure photos related to the respective topic. 
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3 Workflow and Methodology 
This chapter briefly summarizes the work process and methodology of this thesis 
(Fig. 3). Samples (n = 190) from various carbonate stringer intervals (A1C to A4C) 
from two different exploration areas (approx. 30 km apart) (see Fig. 2) were chosen in 
order to compare the diagenetic effects of depth (temperature) and different reservoir 
attributes of the stringers, e.g. overpressured vs. normally pressured or oil- vs. gas-
bearing based on a sample matrix. In addition, selected carbonate stringers were 
sampled over their whole thickness in order to investigate the vertical distribution of 
diagenetic phases. Ara salt samples are taken, where they were well-preserved from 
coring. 
The plugs and slabs were selected during core viewing. Plugs (3 cm in diameter) and 
slabs (8 cm thick) of core were prepared following different and partly new developed 
procedures for the carbonates and the rock salt. The halite cements in the Ara 
carbonate cores are well preserved and required a special and careful treatment for 
thin section preparation due to its high solubility in contact with water (see chapter 
2). 
Thick and thin sections from Ara salt cores (n = 40) were prepared following the 
procedure of Urai et al. (1987) and Schléder & Urai (2005) (see chapter 4, 5 and 6). 
Blocks of 5 x 5 x 3 cm from the Ara salt cores together with halite-cemented 
carbonate blocks were send to a nuclear reactor for gamma-irradiation to decorate 
otherwise invisible deformation-related microstructures. 
After thin section inspection, selected samples were analysed for mineralogic 
composition with X-ray diffraction and then using scanning electron microscopy. 
Samples containing solid reservoir bitumen were prepared for reflectance 
measurements and organic geochemical analyses following the standard preparation 
techniques in organic geochemistry (see chapter 3). 
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Figure 4. This flowchart illustrates the single steps from sample selection to preparation and 
methods used in this thesis. Blue line denotes the preparation steps and methods used for pure 
rock salt samples. 
 
4 Aims of this thesis  
This thesis deals with several aspects related to the evolution of a hydrocarbon play in 
an evaporite basin with time. The main focus of this thesis is to study the diagenetic 
evolution of intra-salt carbonate reservoirs and the assessment of sealing capacity of 
the surrounding rock salt for hydrocarbons in the evolution of the SOSB and the GSB.  
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The specific aims of this thesis were: 
- Study the diagenetic evolution of intra-salt carbonates in order to assess 
reservoir quality. The main focus of this study are the processes, controlling 
the cementation of porosity and permeability by halite and solid reservoir 
bitumen, which have been ranked as the main exploration risks in the Ara 
carbonates (addressed in chapter 2 and 3). 
- Study the microstructural evolution of naturally and experimentally deformed 
Ara salt, which surrounds the carbonate stringer reservoirs, with the aim to 
better understand the deformation mechanisms and rheological properties of 
rock salt as a seal under deep burial conditions. This study also involved 
sedimentological aspects of the Ara salt (chapter 4 – 6). 
- Study of Ara Group lithologies in surface-piercing salt domes of the GSB as 
an outcrop analogue for the deeply buried Ara play in the SOSB. The aim of 
this study is to compare existing data of the deep Ara play in the SOSB 
(chapters 2 – 4) with insights on the diagenesis and structural geology of the 
Ara Group, which underwent a retrograde diapir evolution (chapter 7).  
 
5 Parts of this thesis which have been published 
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Schoenherr, J., Ralf Littke, Janos L. Urai, Peter A. Kukla, Zuwena Rawahi (2007): 
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Schoenherr, J., Janos L. Urai, Peter A. Kukla, Ralf Littke, Zsolt Schléder, Jean-
Michel Larroque, Mark J. Newall, Nadia Al-Abry, Hisham A. Al-Siyabi, Zuwena 
Rawahi (2007): Limits to the sealing capacity of rock salt: A case study of the 
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and Jean-Michel Larroque (2005): Hydrocarbon-bearing Halite in the Ara Group 
(South Oman Salt Basin).- EGU Vienna 05-A-09539; p.398. Talk. 
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Chapter 2: Halite cementation and Carbonate 
diagenesis in intra-salt carbonate reservoirs of the 
Late Neoproterozoic to Early Cambrian Ara Group 
(South Oman Salt Basin)* 
 
Johannes Schoenherr, Lars Reuning, Peter A. Kukla, Ralf Littke, Janos L. Urai, 
Michael Siemann, Zuwena Rawahi 
 
Abstract 
Intra-salt carbonate ‘stringer’ reservoirs of the Late Neoproterozoic to Early 
Cambrian Ara Group of the South Oman Salt Basin underwent a complex diagenetic 
evolution with two stages of halite cementation in a shallow (early) and deep (late) 
burial environment. The Ara Group is a six-cyclic carbonate to evaporite sequence. 
Differential loading of thick continental clastics above the Ara Group led to the 
formation of salt diapirs, which encase a predominantly self-charging hydrocarbon 
system within partly highly overpressured carbonate bodies (‘stringers’). One of the 
main uncertainties in exploration risking of the Ara ‘stringer’ play is pervasive halite 
cementation in carbonates with initially favourable poroperm-characteristics. An early 
phase of halite cementation has been identified petrographically in pores, where solid 
reservoir bitumen post-dates halite. The occurrence of the early halite is strongly 
controlled by facies and plugs mainly all available porosity in the uppermost parts of 
the ‘stringers’. Bromine geochemistry of the early halite revealed significantly higher 
contents (up to 280 ppm) compared to petrographically late halite (173 ppm). The 
distribution patterns and the (high) bromine contents of early halite are consistent 
with precipitation due to seepage reflux of highly saturated brines during deposition 
of the following rock salt interval. Later in burial history, some of the early halite was 
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Siemann, Zuwena Rawahi, submitted. Halite cementation and carbonate diagenesis in intra-
salt carbonate reservoirs of the Late Neoproterozoic to Early Cambrian Ara Group (South 
Oman Salt Basin). Sedimentology. 
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dissolved and re-precipitated as indicated by inclusions of streaky solid bitumen 
which formed within the late halite cements. In addition, fractures, which initially 
formed during a period of hydrothermal activity, were later re-opened by a crack-seal 
mechanism caused by high fluid overpressures. These extensional fractures were 
sealed by late halite, which post-dates solid bitumen. The formation mechanisms and 
distribution patterns of halite cementation processes in the South Oman Salt Basin can 
be generalized to other petroliferous evaporite basins.  
 
Keywords: Halite cementation, dolomite, carbonate diagenesis, bromine 
geochemistry, solid bitumen, evaporites. 
 
1 Introduction 
Carbonates of the latest Neoproterozoic to earliest Cambrian Ara Group in the South 
Oman Salt Basin (SOSB) are fully encased by 3-6 km buried diapirs of Ara salt and 
can be pervasively cemented by halite (Fig. 1). These carbonates represent an intra-
salt self-charging petroleum system with substantial hydrocarbon accumulations in 
dolomitized laminites and thrombolites (the so-called Ara carbonate ‘stringer’ play) 
and show good poroperm-characteristics (Mattes & Conway Morris, 1990; Schröder 
et al., 2005). Some of the stringers, however, failed to produce at significant rates due 
to extensive halite cementation of pore space, which represents one of the greatest 
unknown risks for hydrocarbon exploration in this area (Al-Siyabi, 2005). 
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Figure 1. Overview map shows three Infra-Cambrian evaporitic basins (shaded in grey) 
forming the subsurface of interior Oman (after Loosveld et al., 1996). Cross section A-B 
shows the simplified geometry of the South Oman Salt Basin. Differential loading of thick 
continental clastics (Haima pods) led to diapirism of the Ara Group halite, which encloses 
isolated carbonate ‘stringer’ reservoirs (from A1C to A5C) for hydrocarbons (modified after 
Peters et al., 2003). The studied halite-cemented carbonates originate from two explorations 
areas (marked by crosses) in the southwestern most part of the South Oman Salt Basin. 
 
Although halite cementation forms a major risk for hydrocarbon production in many 
evaporite basins, only little work has been published that focuses on the 
characteristics and the formation mechanisms of these halite cements. Most previous 
information on halite cementation comes from reservoir core studies of the 
terrigeneous Triassic Bunter Formation (Bifani, 1986; Laier & Nielsen, 1989; 
Dronkert & Remmelts, 1996; Purvis & Okkerman, 1996; Putnis & Mauthe, 2001) and 
from intra-salt clastic reservoirs from the Shabwa Basin in Yemen (Seaborne, 1996).  
Studies of halite cementation from marine evaporite basins are reported in only a few 
cases (Sears & Lucia, 1980; Gill, 1994; Strohmenger et al., 1996; Kendall, 2000; 
Warren, 2006, p. 746). In these settings, thick evaporites (mainly rock salt) sandwich 
shallow marine carbonates, which show pervasive halite cementation in their 
uppermost parts.  
The common conclusion of the authors cited above is that the halite cements were 
preferentially precipitated in a shallow burial environment from early seepage. 
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Accordingly the most probable source of the halite cements is tied to large volumes of 
saturated seawater brine, infiltrating the underlying lithology, when depositional 
environments change from open marine to restricted conditions. In addition, a few 
cases have reported halite formation during late diagenesis. Although possible origins 
of the halite-saturated brines have been proposed, none of the studies aimed to 
correlate detailed petrography with geochemical analyses of the halite cements in 
order to deduce formation mechanisms or to decipher distribution patterns of the 
halite cements for reservoir quality assessment.  
The scope of this paper is to provide basic concepts for halite cementation in the intra-
salt Ara carbonate stringers to better predict zones with deteriorated reservoir quality. 
It will be demonstrated that detailed petrographic investigations and correlated 
bromine geochemistry are effective tools for separating different phases of halite 
cementation in the Ara stringers, which in turn allows to place constraints on timing, 
distribution and formation mechanisms of halite cementation. The results can be 
readily generalized to other petroliferous evaporite basins. 
 
2 Geological setting 
2.1 General 
The study area is located in the most southwestern part of the SOSB, which is one of 
three salt basins constituting the deep subsurface of interior Oman (Fig. 1). The Ara 
salt forms part of a restricted Infra-Cambrian salt basin system, which stretches from 
the Arabian Shield to central Iran and probably further east (Mattes & Conway 
Morris, 1990). The formation of the SOSB started with sedimentation of the Huqf 
Supergroup from the Late Neoproterozoic until the Early Cambrian on crystalline 
basement (Gorin et al., 1982). The Huqf Supergroup comprises four groups, which 
are mainly constituted by continental clastics and marine deposits (see 
chronostratigraphy in Fig. 1). Carbonate cores studied in this paper derive from the 
Ara Group, which spans the Pre-Cambrian/Cambrian boundary. The age of the Ara 
Group is constrained by absolute U-Pb ages of 542.0 ± 0.3 Ma and by the discovery 
of the body fossils Cloudina and Namacalathus, which is consistent with other 
terminal Proterozoic occurrences (Amthor et al., 2003). 
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2.2 Tectonostratigraphy of the Ara Group 
Based on stratigraphic and seismic reconstructions a geological model for the 
tectonostratigraphic evolution of the Ara Group has been established (Fig. 2; Al-
Siyabi, 2005; Amthor et al., 2005). In the Late Neoproterozoic, rapid subsidence of 
the SOSB controlled evaporite to carbonate sedimentation of the Ara Group, 
comprising six third-order cycles (A0/A1 – A5 from bottom to top) (Mattes & 
Conway Morris, 1990). Deposition of the first cycle (A0/A1) commenced with Ara 
Salt sedimentation on the Buah carbonate ramp at very shallow water depths during 
basin restriction, followed by the deposition of carbonate platforms (A1C – A6C) 
developed during transgressive to highstand conditions (Mattes & Conway Morris, 
1990; Schröder, 2000; Al-Siyabi, 2005). Subsequent, strong subsidence of the SOSB 
led to fracturing of the carbonate platforms in the underlying sequences. The 
depositional architecture (growth of isolated platforms and bioherms) and post-
depositional fracturing promoted in places the early formation of isolated carbonate 
‘stringers’, which started to “float” in the Ara salt during progressive burial. 
 
Figure 2. Schematic tectono-stratigraphic evolution of the Ara Group cycles during Infra-
Cambrian time. Ara Group sedimentation started with flooding of the precursor Buah 
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topography (cycle A0/A1), which was followed by growth of the Birba platform until A3. 
The A1 to A3 carbonate platforms are laterally extensive, while the A4 platforms have a 
limited spatial extend. Strong subsidence of the southwestern part of the SOSB led to the 
formation of fractures in the underlying strata (adapted from Amthor et al., 2005). 
 
Halite has laterally a highly variable thickness from a few metres to > 2km, which is 
the result of strong halokinesis triggered by differential loading of the thick 
continental Haima clastics above the Ara Group at Middle Cambrian times (Heward, 
1990; Loosveld et al., 1996). The Haima clastics began to sag into the mobile 
substrate of the Ara salt, leading to a period of strong diapirism and the formation of 
pronounced clastic “pods” until the end of Ordovician (Fig. 1). This “downbuilding” 
mechanism had a large impact on the structural style due to further fragmentation and 
folding of the stringers, and the hydrocarbon trapping potential of the Ara carbonate 
stringer play. 
The majority of the stringers are strongly overpressured, which most likely resulted 
from conversion of kerogen to oil and gas, under compaction, mineral transformation 
(gypsum ? anhydrite) (Mattes & Conway Morris, 1990) and the external entry of 
hydrothermal fluids (Schoenherr et al., 2007a). Organic geochemical data support in-
situ maturation with the majority of the oils deriving from within the stringers. The oil 
later underwent oil to gas cracking and thermochemical sulphate reduction in stringer 
reservoirs, which have been buried to depths greater than 4 km (Terken et al., 2001; 
Taylor et al., 2007). 
2.3 Facies 
Increasing seawater salinity due to basin regression led to the depositional succession 
carbonate-sulphate-halite, which in turn proceeded into the succession halite-sulphate-
carbonate during the following sea level rise. Generally, the shallow-platform 
carbonate facies of the Ara Group consists of grainstones and laminated stromatolites, 
while the platform barrier is formed by stromatolites and open marine thrombolites 
(Fig. 3). Slope facies includes laminated dolostones and the basinal facies is 
dominated by sapropelic laminites (Al-Siyabi, 2005). The total thickness of the 
carbonate sediments varies between 20 to 250 m. This self-sourcing system is thought 
to have accumulated organic rich prolific source rocks during seawater highstands in 
the “deeper”, periodically anaerobic to dysaerobic parts of the basin (mainly slope and 
basinal mudstones in Fig. 3). Density stratification of seawater allowed preservation 
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of a sufficient amount of organic material in the bottom layers as high productivity of 
algal material in the upper water layers was present (Mattes & Conway Morris, 1990). 
 
Figure 3. Generalized facies distribution within one Ara carbonate platform with interpreted 
reservoir and source rock occurrences (Al-Siyabi, 2005). 
 
The Ara evaporites include halite and anhydrite, which replaced primary gypsum 
(Mattes & Conway Morris, 1990; Schröder et al., 2003). Anhydrite overlying the 
carbonate is termed “roof anhydrite”, while anhydrite underlying the carbonate is 
referred to as “floor anhydrite”. Both horizons can be up to 20 metres thick. The 
thickness of the Ara salt is 50 - 200 m in the A1 to A4 cycles and can exceed 1000 m 
in the A5 and A6 sequences (Schröder et al., 2003), however, there is a large 
uncertainty of syn-depositional salt thickness due to strong halokinesis. 
 
3 Samples and methods 
3.1 Samples 
One hundred ninety thin sections of carbonate core plugs from 21 ‘stringers’ and 24 
wells were investigated. Most samples derive from the Greater Harweel exploration 
area (n = 175) and fifteen samples were studied from the Greater Birba Area (Fig. 4). 
The sampling strategy aimed to cover the wider range of facies in halite-cemented 
‘stringer’ intervals between A1C and A4C and in order to study the general diagenetic 
evolution of the Ara carbonates with depth (2800 - 5800 m). The vertical distribution 
and characteristics of halite cementation were exemplarily investigated in greater 
details along two selected stringer cores (I. A1C of well A; II. A2C of well B).  
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The spatial distribution of the carbonate stringers, sampled wells and stratigraphy are 
illustrated in Fig. 4. 
 
Figure 4. Inset map shows the South Oman Salt Basin with indicated paleogeography during 
the A4 cycle of the Ara Group (from Schröder et al., 2005) and the locations of the two study 
areas within the Southern Carbonate Domain, namely the Greater Harweel and Greater Birba 
exploration areas. Dashed box outlines the large plan view map, showing the stratigraphy and 
spatial distribution of the Ara carbonate ‘stringers’ from A1C to A4C. For the sake of 
simplicity, only the sampled wells are indicated. Ara salt intervals between the stringer 
intervals A1C to A4C are not indicated.  
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3.2 Methods 
3.2.1 Microscopy 
Transmitted light microscopy was performed on polished 3 x 5 cm-sized thin sections. 
Special attention was drawn to thin section preparation of the halite-cemented 
carbonate plugs, which were treated using parts of the method described by Schléder 
& Urai (2005). In addition, thin sections of selected samples have been investigated 
by scanning electron microscopy combined with energy dispersive X-ray 
spectroscopy, performed on a Zeiss DSM-962.   
3.2.2 Gamma irradiation 
Selected halite-cemented carbonate plugs were gamma-irradiated for three months at 
100 ºC with a dose rate between 4 kGy/h and 6 kGy/h to a total dose of about 4 MGy 
at the research reactor of the research centre Jülich, Germany, to decorate otherwise 
invisible microstructures of the halite cements. The colour intensity observed in most 
rock salt samples is heterogeneous, reflecting an irregular distribution of solid-
solution impurities and crystal defects within halite grains (van Opbroek & den 
Hartog, 1985; Schléder & Urai, 2005). 
3.2.3 X-ray diffraction analysis  
XRD bulk rock analysis of 30 selected carbonate samples was carried out using a D 
5000 diffractometer. In addition, all halite cements analysed for bromine 
geochemistry (n = 21 samples) were measured by XRD. After crushing the halite-
cemented carbonate plugs, the small halite crystals yielded were picked under a 
binocular and subsequently powdered for XRD analysis.   
3.2.4 Stable Isotopes 
Oxygen and carbon isotope analyses were performed at the laboratory of IFM-
GEOMAR, Kiel (Germany). Carbonate powder was dissolved with 100% H3PO4 at 
75 °C in an online, automated carbonate reaction device (Kiel Device) connected to a 
Finnigan Mat 252 mass spectrometer. Isotope ratios are calibrated to the Vienna Pee 
Dee Belemnite (V-PDB) standard using the NBS-19 carbonate standard. Average 
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standard deviation based on analyses of a reference standard is < 0.07‰ for ?18O and 
< 0.03‰ for ?13C. 
3.2.5 Bromine geochemistry 
The bromine content of each sample was determined from two separate weightings by 
ion chromatography at the department of Mineralogy, Geochemistry and Salt 
Deposits at Technical University of Clausthal-Zellerfeld (Germany) after the method 
described by Siemann & Schramm (2000). The halite (< 10 mg) was dissolved in 
distilled water at a ratio of 1:1000. The Cl concentration in the calibration standards 
was strictly adapted to those of the crystals and the solution. The standard deviation of 
the two weightings varies between ± 19.6 and ± 0.1 for all samples measured.   
 
4 Reservoir properties 
4.1 Petrography 
Based on petrographic observations of 190 thin sections of core plugs from various 
stringers, a regional paragenetic sequence was established (Fig. 5), which constitutes 
the basic framework around the processes responsible for halite cementation in the 
Ara carbonate reservoirs. Although these observations derive from different 
exploration areas (Fig. 4) and different carbonate stringer intervals (A1C to A4C), the 
diagenetic evolution of most samples shows a number of similarities. However, 
different reservoir attributes (e.g. facies, fluid pressure conditions, poroperm-
characteristics) from different stringer depths were thought to have a diagenetic 
control and therefore would show a diverging diagenetic evolution. For this reason, 
two wells with different attributes were selected for a detailed study and 90 of the 190 
thin-sections were from these two wells. Well A targeted the basal A1C reservoir, a 
hydrostatically pressured stringer, at a shallow depth range (3365 – 3443 m). The 
second well chosen for the case study was the A2C stringer in well B, an 
overpressured reservoir occurring at depths greater than 5000 m. A detailed study of 
the vertical distribution and microstructural relationships of halite cements with other 
diagenetic phases for these two wells has been undertaken and is presented in detail in 
this paper. 
Chapter 2: Halite cementation 
 44
4.2 Regional paragenetic sequence 
The paragentic sequence of the Ara carbonate reservoirs is presented in Fig. 5 and 
supported by microstructures presented in Fig. 6. In the case of the intra-salt 
carbonate stringers, the term shallow burial refers to diagenetic processes that occur 
until the carbonate stringers were completely sealed by the Ara salt, which can be 
assumed to occur at a burial depth of around 30 m for rock salt (Casas & Lowenstein, 
1989). Consequently, the term deep burial denotes the broad field of diagenetic 
alterations after the carbonate stringers were fully encased by the Ara salt.  
 
Figure 5. Regional paragenetic sequence of Ara stringer carbonates deduced from 190 
samples from the A1C to A4C of 24 wells in the Greater Harweel and the Greater Birba Area. 
HT refers to hydrothermal alteration (Schoenherr et al., 2007a). CS1 and CS2 refer to the 
relative timing of halite cements as observed in case study 1 (well A) and case study 2 (well 
B), respectively. Thick bars indicate major and thin bars minor diagenetic processes; stippled 
lines indicate uncertainty of process duration. “+” denotes enhancement and “-“ degradation 
of the poroperm quality. 
 
According to Mattes & Conway Morris (1990) and Schröder (2000), the first major 
diagenetic alterations are attributed to early reflux dolomitization. In carbonates from 
the peritidal facies, organic-rich laminae are partly replaced by euhedral dolomite 
rhombohedrons, which was accompanied by a major increase of intercrystalline 
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porosity (Fig. 6a). Some thrombolite samples show mm-sized patches with an overall 
fan-like texture, which consists of several fibrous crystals indicating dolomitized 
botryoidal aragonite cements. A few samples of the peritidal facies show well-
preserved ooids, which in some cases show a pendant (gravitational) cement formed 
on water droplets beneath the ooids after the bulk of the mobile water has drained out 
of the pores (Flügel, 2004) (Fig. 6b). Furthermore, most samples show drusy euhedral 
dolomite cements and micritic cements, partially occluding primary porosity. 
In contrast, most samples from the peritidal and basinal facies are characterized by 
vuggy pores up to 6 mm in diameter, which are connected to irregular-shaped 
channels outlined by strongly corroded dolomite cements. This fabric most likely 
reflects solution-enlarged fracture porosity, creating the pore space available for early 
anhydrite and halite cementation in these facies (Figs. 6c and 6d).  
Apart from halite, anhydrite is volumetrically one of the most porosity-destroying 
phases in the carbonate stringers. Its formation occurred in multiple stages from 
shallow to deep burial environment. Earliest anhydrite fabrics occur in the dolomite 
matrix mostly as several single laths showing a decussate arrangement, which 
suggests growth in poorly consolidated carbonate. The latest anhydrite observed 
occurs in tapering microfractures, which follow and probably opened solid bitumen-
bearing stylolites. Symmetric syntaxial growth is suggested by blocky and subhedral 
anhydrite crystals of up to 4 mm in size, reaching from both sides of the crack wall 
into the centre (Fig. 6c).  
A number of cores from the shallow water facies show high primary porosities, which 
are completely plugged by halite such as in stromatolites showing well-preserved 
fenestral pores and in thrombolites showing growth-framework porosity. These halite 
cemented pores are generally devoid of solid bitumen, which occurs however, in the 
dolomite matrix suggesting that flow of oil post-dated halite cementation. This is 
supported by the presence of solid bitumen-impregnated microcracks within the halite 
cement (Fig. 6d). In addition, the cores show cm-wide halite cemented fractures, 
which can be stained black by the presence of solid bitumen within the fracture-
cementing halite (Figs. 6e and Fig. 7). Mineralogically, the pore- and fracture-
cementing halite cements show a subordinate presence of anhydrite, sylvite, quartz, 
dolomite and calcite. 
The age relationship between halite filling pores and fractures is in many cases 
ambiguous because it becomes very difficult to distinguish between early and late 
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halite, if no microstructural relationships with solid bitumen are given. This will be 
shown and discussed in detail in case study 1 and 2.  
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Figure 6. Micrograph plate showing diagenetic products of early marine to deep burial 
environment. a) The lamination in the slope/basinal facies is often defined by an alternation 
of laminaes consisting of euhedral dolomites with intercrystalline porosity (partially cemented 
by solid bitumen) and laminaes made up by tightly packed anhedral dolomite (transmitted 
plane-polarized light; well B, A2C). b) Detail view of an ooid showing a pendant cement 
(black arrow), which is surrounded by a micritic realm (red arrow). Inset shows broken ooid 
rings; p is open porosity (transmitted light micrographs, x nicols; well D, A2C). c) 
Transmitted light micrographs (x nicols) of various anhydrite types show slightly corroded 
radiating bundles surrounded by halite (h) (top left: well C, A2C), aphanitic (arrows) and 
blocky anhydrite with a poikilotopic fabric (top right: well C, A2C), healed cracks with solid 
bitumen and oil inclusions (bottom left: well B, A2C) and syntaxial vein anhydrite in tapering 
veins, which trend parallel and oblique to solid bitumen-bearing (Bi) stylolites (late) (bottom 
right: well F, A2C). d) Scanned thin section of a peritidal carbonate showing a high vuggy 
porosity, which is cemented by halite (decorated blue by gamma-irradiation) (well G, A2C). 
Detail micrograph shows a solid bitumen-impregnated microcrack in the halite cement, 
suggesting early precipitation and subsequent microcracking and formation of solid bitumen; 
Do is dolomite. e) Scan of a polished core plug shows that halite plugging (halite is gamma-
irradiated) is associated with the formation of fractures, which are oriented vertical to the 
lamination. Dark patches are Fe-rich dolomite. Detail micrograph in inset (from white arrow) 
shows streaky-shaped solid bitumen in the halite cement, suggesting late precipitation (at 
least after oil generation) and incorporation (well E, A3C). f) Micrograph shows the effect of 
dedolomitization. Staining of thin section decorates calcite (in pink) replacing dolomite 
(transmitted plane-polarized light; well B, A2C). g) Micrograph shows vuggy pores, which 
are outlined by strongly corroded saddle dolomites; p = open porosity (transmitted light, x 
nicols; well D, A2C). h) SEM images from thin sections and broken samples show that solid 
bitumen mostly plugs microfractures and intercrystalline pore space between euhedral 
dolomite rhombohedrons and anhydrite crystals (Bi = solid bitumen, An = anhydrite, Do = 
Dolomite). The last micrograph is taken under reflected light under immersion oil, which 
shows coke-like solid bitumen formed under temperatures of ? 380 °C (see Schoenherr et al., 
2007a).   
 
In the samples studied, calcite cements rarely occur in the Ara carbonates, however, 
some wells show widespread calcite replacement of dolomite. Its microstructural 
relationship to most other phases is unclear, although calcite appears to post-date 
halite in the A2C of well B, in which the dolomite matrix is partly replaced by coarse 
up to 250 µm-sized sparry calcite (Fig. 6f). In some cases, the outer rims or internal 
parts of the euhedral dolomites consist of calcite, indicating a phase of 
dedolomitization. 
A widespread diagenetic phase is microfracture-lining and matrix-replacive saddle 
dolomite, which is characterized by curved-shaped crystal facettes and undulose 
extinction (Fig. 6g). In many cases, straight-shaped microfractures and vuggy pores 
are outlined by saddle dolomites, which can be strongly corroded in the interior and 
along crystal faces. 
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Almost all samples are characterized by the presence of solid bitumen. The 
petrographic characteristics of solid bitumen in the Ara carbonates were described by 
Schoenherr et al. (2007a) in detail. They have shown that most of this solid bitumen 
has been formed by thermal cracking of oil due to the inflow of hydrothermal fluids 
most likely from the pre-Ara strata. Solid bitumen mostly occurs in pores, covering 
euhedral dolomite rhombohedrons and saddle dolomites or bridging the pores as 
meniscus-shaped cement (Fig. 6h) and is in many cases strongly associated with 
microfractures. In the dolomite matrix, solid bitumen fills intercrystalline porosity and 
occurs as several up to 5 µm-sized intracrystalline particles in non-planar dolomite.  
In a few samples solid bitumen does not occur in the dolomite matrix but is aligned 
along stylolites (see Fig. 6c). This may indicate that pressure solution pre-dates the 
formation of solid bitumen and that stylolites acted as flow pathways for oil.  
The dolomite matrix is strongly recrystallized, which is shown by inequigranular 
tightly packed anhedral to subhedral crystals with lobate and straight-shaped grain 
boundaries. Cathodoluminescence investigations of selected samples did not reveal 
distinct patterns in the matrix or clear zonations at euhedral dolomite cements. 
Mostly, the dolomite matrix is characterized by a homogeneous orange to red dull 
luminescence, indicating complete recrystallization and chemical homogenization.   
4.3 Case study 1: Reservoir properties in the A1C stringer 
of well A 
The A1C stringer of well A is ? 80 m thick (from 3370 - 3450 m) and completely 
surrounded by the Ara salt. Seventy thin sections have been selected for this study to 
investigate the reservoir properties of a non-producing carbonate stringer with a 
special emphasis on the zone with the worst reservoir quality (3380 - 3420 m). The 
facies changes from rock salt and anhydrite (primary gypsum) deposited in a 
hypersaline environment to slope/basinal mudstones at the bottom towards shallow 
marine units such as peritidal grainstones and reef-constituting thrombolites at the top 
of the A1C (Fig. 7). The porosity increases continuously from ? 1% at the top to ? 
13% at the base of A1C while permeability is only developed in the lower part (3440 
- 3420 m) with the exception of one peak around 3395 m. Figure 7 shows that the 
zone of low porosity coincides with the zone of near-zero permeability (3380 - 3420 
m). Associated point counting of cement phases over the whole thickness of the A1C 
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has shown that the zone with near zero poroperm-characteristics coincides with the 
halite-plugged section and some minor amounts of solid bitumen. 
 
Figure 7. Poroperm data and vertical distribution of halite and solid bitumen in the A1C of 
well A plotted with facies. Halite cements occur in the upper half of the A1C, extremely 
reducing porosity and permeability in fractures and pores of the thrombolites. Poroperm 
values and solid bitumen content increase in the lower half, where halite is absent. a-h in the 
facies column refer to sample locations of microstructures shown in figure 9. Microstructures 
of the halite vein are shown in figure 8. Whew. = whewellite.   
 
Core and microstructure analysis shows that this trend is strongly controlled by an 
early stage of halite cementation in a growth-related framework porosity of the 
thrombolites and vuggy pores of the peritidal facies in the upper 40 meters of the A1C 
(from 3380 to 3420 m). In this zone, halite is volumetrically the dominant cement (up 
to 32%), while solid bitumen occurs in amounts of ? 3% in average.  
The following section describes microstructures observed from top to the base of the 
A1C. Cores from the zone between 3380 to 3400 m show a number of 1 to 3 cm-wide 
fractures oriented almost perpendicular to the lamination. These fractures are 
cemented by black halite (Fig. 7). The microstructures of one halite-cemented fracture 
was investigated exemplarily (Fig. 8). Microstructure-correlated XRD analyses and 
EDX measurements of the host rock and the vein interior revealed complex 
associations between halite, whewellite (CaC2O4 * H2O), dolomite, calcite, anhydrite, 
solid bitumen, siderite, pyrite, barite, sphalerite, celestite, illite and fluorapatite. The 
host rock dominantly consists of strongly corroded dolomite, which is locally 
cemented by halite, anhydrite laths, whewellite and trace amounts of solid bitumen, 
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barite and sphalerite. The vein wall is lined by euhedral calcite, black solid bitumen 
and in places cemented by whitish aggregates of whewellite (Figs. 8a-b). Most of the 
vein is composed of up to 0.5 cm-sized halite crystals with grain boundaries oriented 
more or less perpendicular to the vein wall and with internal grain structures such as 
slip lines and subgrains decorated by gamma-irradiation (Fig. 8c). This halite shows a 
number of intracrystalline black particles (Fig. 8a), made up by fragments of 
dolomite, anhydrite and pyrite, which are agglutinated by sulphur-rich solid bitumen. 
The vein centre shows a black 0.5 cm thick band, which consists mainly of corroded 
dolomite, euhedral calcite, whewellite and sulphur-rich solid bitumen. The solid 
bitumen-impregnated whewellite is partly crossed by a 5 mm wide halite vein (Fig. 
8c). A wedge-shaped layer of whitish and partly black whewellite, which is crossed 
by thin solid bitumen-cemented microcracks, underlies the black band (Fig. 8a). 
Within the microcracks, the whewellite is intensively brecciated with fragments of 
dolomite and anhydrite and fine-grained barite, which are agglutinated by sulphur-
rich solid bitumen (Fig. 8d).  
 
Figure 8. Microstructures of black halite from carbonate core of well A shown in Fig. 7. a) 
Plug of core shows halite-cemented fracture with a black median band, consisting of corroded 
dolomite and whitish whewellite, which are cemented by black solid bitumen. The halite 
crystals are full of intracrystalline dolomite and solid bitumen particles. Bromine contents 
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were measured from the upper and lower halite crystals (see Fig. 13). View is perpendicular 
to vein orientation in Fig. 7. b-d refer to locations of following figures. b) SEM image (BSE 
mode) shows a highly porous dolomite matrix of the host rock in the lower part, which is 
cemented by halite (H). Note local occurrence of sphalerite (SPH). The vein wall is cemented 
by whewellite (W), which is lined by solid bitumen (SB), which in turn is post-dated by vein-
forming halite. c) Solid bitumen-impregnated aggregates of whewellite (W) are broken and 
cemented by halite (blue colour by gamma-irradiated) (Transmitted plane-polarized light; 
long side of micrograph is 1.6 mm). d) SEM image (BSE mode) shows solid bitumen-filled 
(SB) microcrack in whewellite layer (see Fig. 8a), containing brecciated whewellite (W) and 
fragments of dolomite (D) and anhydrite (A) probably deriving from the host rock. 
 
Some of the cores from the thrombolite facies (3392 - 3421 m), underlying the 
peritidal facies (Fig. 7) show that solid bitumen occurs between the dolomite pore 
wall and the halite cement, suggesting that halite cementation post-dates flow of oil 
and subsequent precipitation of solid bitumen. However, using transmitted light and 
scanning electron microscopy, it becomes clear that thin films of solid bitumen rather 
occur as intercrystalline phase of the halite cement (Fig. 9a) and between euhedral 
saddle dolomite cements and the pore-filling halite (Fig. 9b). The saddle dolomites 
are associated with the emplacement of oil as suggested by solid bitumen, which is 
aligned along the growth facets of the saddle dolomites. In addition, solid bitumen 
fills irregular-shaped vugs in the halite cement (Fig. 9c), which points to dissolution 
of the halite prior to solid bitumen precipitation. Scanning electron microscopy of this 
microstructure shows that the halite-cemented pores are surrounded by a ? 1 mm wide 
halo showing a high microporosity and intensively corroded dolomite 
rhombohedrons, while the dolomite matrix nearby is tight (Fig. 9d). In the tight zone, 
the dolomite matrix is massive with no open microporosity and contains numerous ? 
10 µm-sized cubic halite crystals, which incorporate ? 2 µm-sized dolomite grains 
(Fig. 9e). The boundary between the halite cement and the porous dolomite is either 
defined by open porosity (dissolved halite) or thin films of solid bitumen, occurring 
between the halite and the porous dolomite (Fig. 9f). Scanning electron microscopy of 
broken pieces from the sample presented in Fig. 9c shows that the surfaces of the 
mechanically parted halite grains are covered by numerous droplets of solid bitumen 
(Fig. 9g), which indicates impregnation of the pore-cementing halite by oil. In very 
rare cases, the pore-cementing halite of the thrombolites is directly pre-dated by ? 1 
mm-sized subhedral to euhedral barite cements with intracrystalline displacive halite 
cubes (Fig. 9g). In the direct vicinity of the barite crystals, a few finely dispersed 
aggregates of celestite occur within the halite cement.  
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In the lower 30 m of the A1C, halite cements are minor to absent and porosity and the 
amount of solid bitumen show a notable increase towards the base (see Fig. 7). The 
lowermost 10 metres consist of slope/basinal mudstones, which show a plane 
lamination and a high microporosity. This fabric is crossed by vertical and parallel (to 
the lamination) microfractures, which show a dark brownish staining. They may be 
the product of hydrocarbon expulsion as fluid pressures rise due to the generation of 
oil from a source rock in the basinal facies. 
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Figure 9. Microstructures showing early and late halite cementation from 3400 m to 3420 m 
in the A1C of well A. Micrographs c-h are from the same sample; see Fig. 7 for sample 
location. a) Pore-cementing halite grains infilling intercrystalline pores, which is filled with 
solid bitumen (plane-polarized transmitted light). b) The halite cement (Ha) is strongly 
dissolved as indicated by its concave-shaped boundary towards solid bitumen (SB), which is 
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associated with euhedral saddle dolomites (SD) (note inset) (plane-polarized transmitted 
light). c) Vuggy pores are outlined by strongly corroded dolomite cements, which in turn are 
impregnated by solid bitumen. The halite cement shows irregular boundaries, which may be 
truncations as a result of dissolution. Note that these vugs are filled by solid bitumen (plane-
polarized transmitted light). d) Overview SEM image (SE mode) focuses on the contact 
dolomite – solid bitumen – halite, similar to the microstructure shown in c). From left to the 
right the image shows a tight dolomite matrix, which changes to a highly porous zone in the 
dolomite matrix (indicated by stippled line), which in turn shows an irregular boundary to a 
halite cemented pore (Ha). e) SEM image (BSE mode) focuses into the tight dolomite matrix 
marked by the frame in d). Tightly packed dolomite grains form the matrix with some 
euhedral to subhedral halite cubes in between. The cubes show inclusions of dolomite 
particles (arrow) suggesting displacive growth in poorly consolidated carbonate. f) SEM 
image (SE mode) zooms into the contact of the pore-cementing halite (Ha) and the dolomite 
host rock indicated by the frame in d). The halite-dolomite contact is characterized by areas, 
in which halite is dissolved, i.e. (1) represents epoxy and where solid bitumen occurs between 
halite and dolomite and within the porous dolomite wall rock (2). g) SEM image of a broken 
piece from same sample shown in c). The image focuses on a crystal face of pore-cementing 
halite, which is covered by numerous droplets of solid bitumen, indicating impregnation of 
halite by oil. h) SEM image (BSE mode) of thin section shows a thrombolite pore cemented 
by four subhedral barite cements (Ba) and halite (Ha), which shows fine-grained 
incorporations of celestite (Ce). 
  
4.4 Case study 2: Reservoir properties in the A2C stringer 
of well B 
The A2C stringer of well B is ? 70 m thick and was studied because it is one of the 
deepest producing intra-salt reservoirs in the SOSB (5570 - 5500 m). The facies of the 
lowermost part of the A2C is constituted by intertidal and salina facies (5568 - 5562 
m), which is followed by slope to basinal mudstones between 5562 to 5546 m (Fig. 
10). The mid section consists of shallow subtidal facies and open marine thrombolites 
(5546 - 5525 m), which are again overlain by slope to basinal mudstones and basinal 
turbidites (5525 - 5500 m). Point count analysis shows an anti-correlation between the 
occurrence of halite and the distribution of porosity over the whole thickness of the 
A2C. An abrupt increase of halite coincides with a decrease of porosity in the mid 
section (5540 - 5520 m). This relation and the general distribution of reservoir 
properties in the A2C are controlled by the distribution of facies. The highest amount 
of halite is concentrated in the large pores of the shallow marine facies (mid section), 
while increased amounts of solid bitumen occur in the basinal facies of the lower- and 
uppermost parts of the A2C. In addition, the A2C is characterized by a high amount 
of anhydrite cement (up to 48 Vol.-%), which shows no clear correlation with facies 
and a very heterogeneous distribution with depth.  
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Figure 10. Poroperm data and vertical distribution of halite and solid bitumen in the A2C of 
well B plotted with facies. Halite cements occur in the whole A2C with the highest amounts 
in the thrombolite facies. Highest amounts of solid bitumen occur within the slope/basinal 
mudstone facies, extremely reducing permeability compared to the thrombolites. a-d in the 
facies column refer to sample locations of microstructures shown in Fig. 11. 
 
Twenty thin sections from the mid section were studied to investigate diagenetic 
processes of the zone with the worst reservoir quality (Fig. 10). In this zone, halite 
clearly post-dates and replaced anhydrite, which in turn replaced dolomite in solution-
enlarged pores and fractures (Fig. 11a). The anhydrite crystals are in places heavily 
corroded, creating additional pore space, which was subsequently cemented by halite. 
The dolomite matrix in the upper parts of the shallow subtidal and thrombolite facies 
(5525 - 5546 m) tends to be coarser with a tightly packed anhedral grain fabric and 
dolomitized botryoidal aragonite cements.  
The growth-related framework porosity and vuggy pores of the thrombolites are 
outlined by euhedral drusy dolomite cements, which are impregnated by solid 
bitumen. In contrast to the halite-solid bitumen relationship in the A1C of well A, 
solid bitumen pre-dates halite cementation in the pores. In addition, there are some 
clear indications that halite precipitated in the pores from a two-phase solution, 
containing NaCl-supersaturated brine and oil. First, in a number of halite-cemented 
pores, solid bitumen forms globules, which adhere to euhedral drusy dolomite 
cements (Fig. 11b). Second, some halite cements show intracrystalline ? 100 µm-
sized droplet-like solid bitumen and some elongated ? 5 µm-sized streaks of solid 
bitumen. In addition the halite cements incorporate ? 15 µm-sized particles of solid 
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bitumen, which are cubic in shape (Fig. 11c). Those inclusions can be partially filled 
with solid bitumen, while the remnant space of the inclusion is probably filled with 
gas. The walls of the gas-filled parts of the inclusion have a light brownish 
appearance, suggesting impregnation by oil, which later converted into a thin film of 
solid bitumen at the inclusion walls (Fig. 11c). In one example, an inclusion shows a 
light brownish halo of solid bitumen (Fig. 11c), another direct indicator that oil was 
entrapped as inclusions in the halite cements. In addition, this halite cement shows a 
few ? 10 µm-sized brine inclusions with a gas bubble. Third, thin films of solid 
bitumen cover grain boundaries of pore-cementing halite, suggesting impregnation of 
the halite cement by oil.  
Additional evidence for a late origin of the halite in the A2C of well B is given by 
halite, post-dating euhedral saddle dolomites (Fig. 11d), which commonly show 
homogenization temperatures of > 60 °C (Radke & Mathis, 1980). These saddle 
dolomites show the typical criteria of curved crystal faces, twins, a wavy extinction 
and a fluid inclusion-rich core (however, the fluid inclusions are too small for 
measuring homogenization temperatures). 
 
Figure 11. Transmitted light micrographs of halite-cemented samples from the A2C cycle of 
well B. See Fig. 10 for sample locations. a) Replacement of dolomite (d) by anhydrite (a) in a 
solution-enlarged fracture. Remnant porosity is cemented by halite (h), partly replacing 
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anhydrite (plane-polarized light). b) Droplets of solid bitumen adhere to dolomite pore walls 
and occur within the halite cement (h), probably indicating two-phase fluid flow (NaCl-
supersaturated brine and oil) prior to halite precipitation (plane-polarized light). c) Halite-
cemented pores, which show a number of cube-shaped inclusions partly filled with solid 
bitumen (arrows). Inset highlights such an inclusion showing a brownish halo of solid 
bitumen around the inclusion, which indicates decrepitation and leakage of the inclusion, 
formerly filled with oil (plane-polarized light). d) Detail view at a pore wall showing a 
euhedral saddle dolomite cement surrounded by a halite cement, suggesting halite 
cementation after growth of the saddle dolomite (x nicols). 
 
4.5 Geochemical data 
4.5.1 Stable Isotope Data 
The stable isotope analysis of carbonates can provide an additional source to 
determine whether the carbonate minerals formed at elevated temperatures in burial or 
hydrothermal settings. Elevated temperatures drive the thermal fractionation of 
diagenetic carbonate to negative ?18O values (Hardie, 1987).   
Stable oxygen and carbon isotopes of 94 intra-salt carbonate stringer samples were 
analysed from both the matrix dolomite and pore- and fracture-lining saddle dolomite 
cements (see Figs. 6b, 6g and 11d). The samples have ?18O values that range between 
-4.15 and 2.39‰ Vienna Peedee Belemnite (VPDB) (mean = -2.38, 1? = 1.27), and 
?13C values between -3.54 and 3.60‰ VPDB (mean = 1.84, 1? = 1.65). The majority 
of the samples plot in the ?18O range between -1 and -4 ‰ VPDB and in the ?13C 
range of 0.5 and 3.50‰ VPDB, with some outliers plotting in the positive quadrant 
(Fig. 12). Eight samples show ?18O values that range between -3.00 and -4.15‰ 
VPDB and ?13C values between -1.50 and 3.50‰ VPDB, from which six samples are 
from the A4C stringer interval of the wells J, K, L and M and two from the A2C 
stringer interval of well N. 
On average saddle dolomites and matrix dolomites have similar ?13C values, but 
saddle dolomite only shows negative ?18O values and thus is characterized by slightly 
lighter oxygen isotope values (-2.58 ‰) than matrix dolomite (-2.19 ‰). However, 
only in eight samples saddle dolomite and adjacent matrix dolomite were sampled for 
isotope analyses, and their values are not significantly different. 
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Figure 12. Stable isotope data (?18O vs. ?13C) of intra-salt Ara carbonates plotted for saddle 
dolomites and matrix dolomite, which do not show different signatures. Data within frame 
represent the short-lived negative ?13C excursion in the A4C stringers at the Precambrian-
Cambrian boundary (see Amthor et al., 2003). The two data points of the A2C from well N 
indicate a depleted ?13C signature. 
 
4.5.2 Bromine data   
Bromine (Br) is often used as a genetic indicator in subsurface brines and in chemical 
sediments to constrain the sources of brines (e.g. Schreiber & El Tabakh, 2000). The 
final Br content of a halite crystal is influenced by variations in salinity of the fluid 
from which the crystal precipitated, from solution and re-precipitation processes, 
recrystallization and depends on the level of other ionic species present in the solution 
(Siemann & Schramm, 2000). Br studies of the Ara salt suggest a marine origin 
(Schröder et al., 2003). The petrography has shown that some of the halite cements in 
the carbonates are of early origin (in pores of the A1C of well A) but also that halite 
cementation occurred late in diagenetic evolution (in fractures of the A1C of well A 
and in the pores of the A2C of well B). In order to obtain insights into the 
geochemical nature of the fluids from which the early and the late halite precipitated, 
20 samples from 7 wells and 3 carbonate stringers (A1C - A3C) were analysed. To 
Chapter 2: Halite cementation 
 59
compare the Br contents of the halite cements in the carbonates with the Ara salt 
precipitated from seawater, 12 samples were analysed from the pure rock salt 
intervals. The plot in Fig. 13a shows that most of the halite cements in the carbonates 
have higher Br contents compared to samples from pure Ara salt intervals (mean 
Brpure halite = 79 ppm; mean Brhalite in carbonate = 213 ppm).  
The Br contents of the pure Ara salt samples from 5 boreholes were determined and 
vary from 38 ppm to 156 ppm. Mineralogically, these samples (n = 12) are composed 
of halite and subordinate of anhydrite, sylvite and polyhalite. Generally, one aim of 
Br analyses in halite units is to establish Br profiles of the whole interval in order to 
derive information on the concentration of marine-derived brines throughout 
deposition (e.g. Holser, 1979; Taberner et al., 2000). Hence, our sample set cannot 
provide clues on the chemostratigraphic evolution of the Ara salt intervals. However, 
the lowest Br contents (? 50 ppm) of the pure Ara salt samples come from 
stratigraphically lowermost parts of the halite units (wells H and I) whilst highest 
values measured (145 ppm) come from the uppermost part of a halite unit (well A). 
These data may indicate a general trend of increasing brine (and Br content) 
concentration at the time of Ara salt precipitation from the Infra-Cambrian seawater 
as proposed by Schröder et al. (2003).    
Nine out of the 20 halite-plugged carbonate samples analysed for Br come from the 
A1C cycle of well A. Fig. 13b shows that 8 out of the 9 samples cluster around 260 
ppm, which come from pore-cementing halite (Fig. 9a-c). In order to derive 
information on the salinity of the fluids, which formed the halite vein of the sample 
A15 shown in Fig. 8, the Br contents of the upper and lower part of the vein were 
measured. The crystals of the upper part have a Br content of 223 ppm while crystals 
of the lower part plot at 244 ppm (see Figs. 8a and 13b). The 4 weightings of sample 
A15 show standard deviations of ± 5 and ± 8, respectively. The 2 samples from the 
pure Ara salt interval directly below the A1C show an average Br content of 145 ppm, 
which probably represents the latest stage of Ara salt precipitation in this cycle. 
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Figure 13. Distribution of Br contents in pure Ara salt intervals and halite cements in various 
Ara carbonate stringers with depth. a) Most Br contents of the pure Ara salt (bold symbols 
and crosses) are markedly below the Br values of the halite cements from several carbonate 
stringers. b) Detail of frame in a) shows that Br contents of halite cements in carbonate 
stringer A1C of well A can be up to 150 ppm higher than Br contents of the underlying Ara 
salt. The stratigraphically uppermost data points derive from one halite vein shown in Fig. 8a. 
The crystals of the upper part of the vein have a Br content, which is 21 ppm lower than halite 
crystals forming the lower part. The remaining data points (n = 8) cluster at around 260 ppm, 
which are from early pore-cementing halite.  
 
5 Reservoir property evolution – A discussion 
5.1 Diagenetic framework for halite cementation  
Diagenetic processes in the shallow burial realm are strongly controlled by early 
dolomitization, which is attributed to the seepage-reflux model proposed by Mattes & 
Conway Morris (1990) and Schröder (2000). The carbonates show well-preserved 
primary (syn-depositional) fabrics such as growth-related framework porosity in the 
thrombolites, dolomitized former botryoidal aragonite cements and ooids (Fig. 6b), 
which indicates incomplete recrystallization of the carbonates during progressive 
burial. Carbon isotope values of the dolomite are very similar to other well preserved 
Late Neoproterozoic to Early Cambrian carbonates (Jacobsen & Kaufman, 1999). The 
negative carbon isotope values from the A4C interval record the distinct negative 
carbon isotope excursion, which is generally attributed to the Precambrian - Cambrian 
boundary (Amthor et al., 2003). The fact that the carbon isotope values of the 
dolomite reflect the secular changes in the composition of Neoproterozoic to Early 
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Cambrian seawater indicates that early dolomitization occurred from marine waters 
before the carbonate stringers were fully encased in the Ara salt. During progressive 
burial this isotopic signal was largely preserved in a rock-buffered system with a high 
rock/fluid ratio. However, two samples from the A2C interval of well N plot close to 
the A4C field (Fig. 12) and might indicate assimilation of organic carbon derived 
?13C from thermochemical sulphate reduction in this deeply buried (> 5100 m) 
stringer (Machel, 2001). 
In general, samples with the best primary fabric preservation show the highest oxygen 
isotope values (e.g. Fig. 6b: 2.39‰). Hence the positive oxygen isotope values are 
likely closest to the original oxygen isotope signal of seawater. The bulk of samples 
with negative isotope values are thus due to thermal fractionation under elevated 
temperatures in the burial realms (Hardie, 1987). Saddle dolomites show only 
negative oxygen isotope values and hence are formed during burial but cannot be 
attributed to a hydrothermal event, since they are only slightly more negative than the 
matrix dolomite. 
Some of the primary porosity in the thrombolites and in the basinal facies has been 
altered by dissolution, which is in places related to fractures, creating additional pore 
space for early anhydrite and halite cementation (Figs. 6c-d). 
The formation of anhydrite cements occurred before (growth in poorly-consolidated 
carbonate; Fig. 6c) and after (in solution-enlarged fractures; Fig. 10a) early halite 
cementation. Some of the early anhydrite is recrystallized showing an aphanitic fabric 
(Fig. 6c), which probably formed from primary gypsum (Schröder, 2000), while late 
anhydrite is related to fracturing post-dating pressure solution and the formation of 
solid bitumen within stylolites (Figs. 5 and 6c). Schoenherr et al. (2007a) have shown 
that solid bitumen in the Ara stringers has formed by thermal cracking of oil due to 
the external influx of hydrothermal fluids and calculated maximum paleo-
temperatures from solid bitumen reflectance data. Because the timing of hydrothermal 
tectonism in the Ara Group remains unclear, the paleo-temperatures cannot be used as 
a limit for maximum burial. However, the generation of oil from which the solid 
bitumen has formed, indicates minimum temperatures of 100 °C (MacKenzie & 
Quigley, 1988) and hence a deep burial origin for fracture-cementing anhydrite (Fig. 
6c). Potential temperature conditions of the late anhydrite(s) may be in the range of 70 
- 140 °C as deduced from previous published work, which describe petrographically 
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similar types of anhydrite (Gauthier et al., 2000; Luczaj & Goldstein, 2000; Duggan 
et al., 2001; El Tabakh et al., 2003).  
In a number of samples, the co-existence of corrotopic anhydrite and coarse calcite 
between euhedral dolomites indicate partial dedolomitization (Figs. 6f and 10a). The 
most likely process triggering dedolomitization is thermochemical sulfate reduction 
(TSR) as the dedolomitized samples derive from deeply buried stringers (? 5000 m), 
which contain sour gas of up to 6 mol-% H2S (Taylor et al., 2007). As hydrocarbons 
reduce sulfate due to TSR at reservoir temperatures of 100 - 180°C (Machel, 2001), 
all halite cements post-dating the dedolomites (Fig. 6f) are thus formed under deep 
burial conditions. 
As mentioned above the maturity data of solid bitumen, which occurs in almost all 
Ara stringers, do not provide clues on the maximum burial temperature. However, all 
diagenetic phases post-dating solid bitumen were formed late in burial history, i.e. at 
least after the stringers entered the oil window, which correspond to c. 100 - 150 °C 
and to burial depths of 2.5 and 4.5 km (MacKenzie & Quigley, 1988). Therefore, 
early and late halite cements are defined by their microstructural relationship with 
solid bitumen, i.e. whether halite pre- or post-dates solid bitumen, which thus 
represents an important diagenetic “marker” in this study (Figs. 6d-e).   
5.2 Early halite cementation 
The fact that halite cementation in the Ara carbonate stringers occurred in pores and 
in fractures complicates the interpretation of the source of the NaCl-supersaturated 
fluid and the timing of halite cementation during basin evolution. For these reasons, 
detailed petrographic observations were combined with the mineralogy, bromine 
contents and the spatial occurrence of halite in the stringers. So far, halite cementation 
in the Ara carbonates was interpreted as diagenetically late in burial evolution (Mattes 
& Conway Morris, 1990; Schröder, 2000). The following section outlines the 
diagenetic evolution of the well A case study, including evidence for the formation of 
early halite, and the distribution, relationship and timing of oil migration and solid 
bitumen precipitation. This is supported by Fig. 14. 
As stated above, the term early refers to halite, which precipitated before solid 
bitumen in diagenetic evolution. The timing of early halite formation can be 
constrained by a number of additional data, which will be discussed in the following. 
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Currently, only the A1C stringer of well A clearly indicates an early origin for pore-
cementing halite in the Ara carbonates as deduced from its vertical distribution, Br 
contents and microstructural relationship with solid bitumen and other diagenetic 
phases. 
The point count analysis shows that halite completely plugs all available pore space in 
the upper half of the A1C stringer (Fig. 7). The continuous increase of halite from the 
upper peritidal with the highest amounts in the thrombolite facies and the sharp 
decrease of halite at the boundary thrombolite-peritidal facies reflect facies-controlled 
cementation. Furthermore, this distribution indicates that the fluid source for the pore-
cementing halite derives from highly saline seawater during deposition of the 
following evaporite cycle (A2E) (Fig. 14a) similar to the scenario described by 
Kendall (2000) for early halite cementation in the Dawson Bay carbonates, 
sandwiched by thick units of halite. To understand the volume of fluid required to 
plug the pores of the peritidal carbonates and thrombolites in the A1C of well A with 
halite (see Fig. 7), a rough estimation is attempted. This assumes a rock volume of 
2.77 km3, calculated using a slab of 13 km x 5 km (see Fig. 4) x 0.085 km (thickness, 
see Fig. 7) divided by 2 as only the upper half of the A1C stringer is halite-cemented. 
Assuming a supersaturation of the brine circulating through the rock of 1%, a 
temperature of 20 °C and an initial porosity of 20%, a fluid volume of 0.57 km3 is 
required to plug the carbonates using the density of halite (2.17 kg/m3) and halite’s 
solubility at 20 °C (0.358 kg/kg H20 from Mullin, 2001). The parameters of 
turbulences in the fluid system, pressure variations and most importantly, the mixing 
of different brines were ignored for the sake of simplicity. However, as a rough 
estimate it seems unrealistic that this amount of fluid, which corresponds to a cube of 
0.833 km, derives from any other source than the seawater; e.g. expelled from the 
underlying Ara evaporites. In addition, this shows that the early halite must have 
formed under open conditions, i.e. as the overlying Ara evaporites were still 
permeable (< 30 m after Casas & Lowenstein, 1989), allowing the supply of marine 
seawater. Generally, salt precipitates when a saturated solution is transported to an 
environment with a lower temperature based on a decreasing solubility of salts at 
declining temperatures (Mullin, 2001). In this estimation, however, variations in 
temperature do not have a strong impact on the total amount of fluid. If the 
temperature is increased to 100 °C at same supersaturations, the fluid volume required 
to plug the A1C with halite is 0.52 km3. However, if the supersaturation is changed to 
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5%, the fluid volume required is around 5 times less, showing the important influence 
of this parameter on the amount of halite cementation. 
High salinities of the brine, from which the early halite cements crystallized in the 
A1C of well A, are recorded by their extraordinary high Br values (average is 260 
ppm) compared to the values of the underlying Ara salt (average is 145 ppm) (Fig. 
13). Chemostratigraphic studies have shown that from the early stages of halite 
precipitation from seawater, Br concentrations can increase from ? 60 ppm to ? 270 
ppm at late-stage halite formation (Holser, 1979; Hardie, 1984; Land et al., 1995) and 
the onset of bittern precipitation (Valyashko, 1956). Hence, the high Br values of the 
halite cements in the upper part of the A1C must derive from marine and highly saline 
brines. These brines most likely evolved from the onset of deposition of the following 
rock salt cycle (A2E interval, Fig. 14a) until a burial depth of around 30 m, at which 
the poroperm properties of halite are generally near zero (Casas & Lowenstein, 1989). 
Although the XRD analyses of the halite samples measured for Br did not reveal any 
other phase besides anhydrite for the A1C of well A, detailed EDX mapping of pore-
cementing halite clearly confirmed a presence of potassium. In addition, XRD 
analyses from halite cements and pure Ara salt samples of other wells clearly detected 
sylvite (KCl) as a subordinate phase in most of the pore- and fracture-cementing 
halite.   
Bittern salts, which overlie halite are commonly composed of sylvite, a mineral not 
expected to precipitate during the normal evaporation of seawater (Land et al., 1995). 
The origin of potash deposits, such as sylvite is still controversial, because the 
evaporation of present-day seawater produces magnesium and potassium sulfates, 
whereas many potash deposits of ancient sedimentary basins consist of sylvite rather 
than potassium-magnesium sulfates (Ayora et al., 2001; see Warren, 2006 for full 
discussion). Sylvite generally precipitates at the higher concentration end of the 
evaporation series and favours: 
(1) The formation from seawater with ionic proportions different than today (Hardie, 
1996; Kovalevich et al., 1998), or formation due to depletion of sulfate in the brine on 
a basin-scale due to diagenetic brine-rock reactions such as dolomitization (Ayora et 
al., 2001). Interestingly, Brennan et al. (2004) showed that the primary brine 
inclusions (directly entrapped from seawater during crystal growth) of the Ara salt 
indicate sulfate depletion compared to modern seawater and that they contain highly 
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concentrated brines in equilibrium with sylvite and carnallite. Thus, as the Ara 
carbonates underwent pervasive early dolomitization, it seems likely that this 
dolomitization created suitable conditions for primary sylvite precipitation in the 
SOSB during Late Neoproterozoic times.  
(2) The formation as a secondary diagenetic mineral by dissolution of potassium-rich 
bittern salts such as carnallite, deposited during the latest stage of seawater 
evaporation (Lowenstein & Spencer, 1990; Land et al., 1995). The presence of 
several corrosion surfaces within the Ara evaporites record repeated flooding of the 
SOSB (Schröder et al., 2003), which may explain the occurrence of trace amounts of 
diagenetic sylvite by incongruent dissolution of carnallite in undersaturated waters.  
(3) The formation of sylvite as a primary precipitate deposited by the cooling of 
highly saline near surface brines, which is a major mechanism to achieve 
supersaturation with respect to KCl (Lowenstein & Spencer, 1990).  
(4) A highly restricted continental environment due to its high solubility (Lowenstein 
& Spencer, 1990; Cendón et al., 2003). The relatively high Br contents of the sylvite-
bearing Ara salt, however, contradict its formation under continental conditions 
(Risacher & Fritz, 2000).  
In summary, each of the processes (1) - (3), or a combination of these can account for 
the trace amounts of sylvite and the bromine-rich nature of the halite cements and 
most importantly indicate early precipitation from highly evolved seawater. 
Petrographic observations revealed that pore-cementing halite post-dates subhedral to 
euhedral barite (BaSO4) cements and incorporates celestite (SrSO4) (Fig. 9h), both 
interpreted as one of the earliest diagenetic products observed. Barite is commonly 
found in suspended matter in ocean waters and in marine sediments (Monnin & 
Cividini, 2006), whereby a possible source for the barium is a high primary 
productivity and decay of organic matter (Riedinger et al., 2006). The Ara Group 
sediments are rich in kerogeneous organic matter and are characterized by the 
abundance of stromatolites throughout the basin (Mattes & Conway Morris, 1990), 
thus providing the required conditions to explain the formation of early barite. The 
barite crystals are euhedral and thus did not undergo dissolution prior to halite 
emplacement nor is it post-dated by other diagenetic phases than halite, indicating its 
early formation. The intracrystalline celestite probably formed as a primary 
precipitate from brines, by the dissolution of aragonite (Reuning et al., 2002) and/or 
by leaching of Sr-rich gypsum or anhydrite (Olaussen, 1981; Warren, 2006), the latter 
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has been observed e.g. in the A2C of well C (Fig. 6c). The celestite was then 
suspended in the pore waters, which later crystallized halite within the thrombolite 
pores (Fig. 9h). The dolomite matrix around the halite-cemented pores shows a 
number of euhedral halite cubes with intracrystalline dolomite particles (Fig. 9e), 
which have been incorporated during displacive growth into poorly consolidated 
carbonate mud, thus indicating an early origin coincident with the precipitation of 
halite in the thrombolite pores. 
Petrography of the A1C of well A revealed a diagenetic sequence of early halite 
cementation ? minor dissolution of dolomite and early halite by acidic brines prior to 
oil generation ? flow of oil in the dissolution vugs ? in-situ precipitation of solid 
bitumen (see Fig. 5). 
5.3 Secondary porosity and oil generation  
Early dissolution created secondary porosity in the A1C of well A for early halite 
cementation and somewhat later in burial history, porous haloes in the dolomite 
matrix around the halite-cemented vuggy pores (Fig. 9d), while the dolomite matrix 
nearby remained unaffected (Figs. 9d-e). Hence, this stage of dissolution did not lead 
to a major enhancement of reservoir quality but indicates a change in pore fluid 
chemistry, which is most likely associated with the generation of oil as suggested by 
solid bitumen filling the newly created pore space (Figs. 9b-c). Esteban & Taberner 
(2003) have shown that corrosive diagenetic fluids can be created prior to 
hydrocarbon charge under late burial conditions in carbonate reservoirs. The 
maturation of organic matter creates weak (carboxylic) acids (Giles & de Boer, 1989), 
which may have shifted the pH of these NaCl-undersaturated waters towards acidic 
values, to dissolve the dolomite matrix and early halite cement (Fig. 14b).  
This additional porosity in the dolomite matrix was then cemented by ‘saddle-like’ 
dolomite cements during or directly after arrival of oil as indicated by solid bitumen 
aligned in growth facettes of the dolomite cements (Fig. 9b). Because of its higher 
mobility, it is more likely that oil rather than solid bitumen was incorporated during 
growth of the dolomite cements. Dissolution vugs in the halite cements were flushed 
and filled by oil as indicated by halite cements, which are impregnated by droplets of 
solid bitumen (Fig. 9g). The oil was later transformed in-situ into solid bitumen, 
leading at first glance to the conclusion that halite post-dates solid bitumen.  
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This selective dissolution at the halite-dolomite interface probably suggests that a 
kind of roll front of acidic fluids preceded hydrocarbon migration as described by 
Mazzullo & Harris (1991), which could explain the small amounts of solid bitumen in 
the already halite-plugged upper part of the A1C stringer (see Fig. 7). 
 
Figure 14. Schematic cartoon illustrating the evolution of early and late halite cementation in 
the A1C stringer of well A with time. Facies distribution of the A1C is adapted from (Al-
Siyabi 2005). Frames in burial environment of a-c represent corresponding micro-scale 
processes of a-c. a) Early halite cementation in the A1C interval is due to infiltration of 
hypersaline brines, seeping from above during deposition of the next evaporite interval 
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(A2E). b) This stage is marked by oil generation from the organic-rich basinal facies. As the 
upper part of the A1C was cemented by halite (dashed signature), oil flow is restricted to the 
lower portion. Oil flow was most likely preceded by a ‘roll front’ of acidic brines, which 
caused slight dissolution of the dolomite and the halite cements at their immediate contact. c) 
This stage coincides with a period of hydrothermal activity, leading to hydrofracturing in the 
Ara Group. Hydrothermal veins were subsequently opened and cemented by late halite, which 
is inferred to derive from solution and reprecipitation of early halite; OP is overpressure.  
 
5.4 Solid bitumen and late halite cementation  
This chapter first outlines the formation conditions of solid bitumen and second those 
of late halite post-dating solid bitumen in fractures of the A1C stringer of well A. This 
is followed by an interpretation of the complex petrographic relationships of (late) 
halite and solid bitumen in pores of stringer A2C from well B. 
5.4.1 Solid bitumen 
Schoenherr et al. (2007a) postulated that the Ara Group was affected by far-reaching 
fractures associated with the external inflow of hydrothermal fluids, which led to the 
local formation of coke-like solid reservoir bitumen in the A3C stringer of well C, 
indicating paleo-temperatures up to 380 °C (Fig. 6h). In combination with a highly 
heterogeneous distribution of maturity with depth within the A1C of well A 
(Schoenherr et al., 2007a), this study provides additional evidence that the Ara Group 
underwent hydrothermal tectonism. The mineral assemblage in the fracture of well A 
presented in Figs. 7 and 8 represents a typical hydrothermal paragenesis, which is 
difficult to explain either as an already existing syn-sedimentary paragenesis or as late 
burial diagenetic product. The abundant presence of the rare mineral whewellite 
(CaC2O4 * H2O) strongly supports this interpretation. It is the best-known crystalline 
organic mineral, which can form as a low-temperature primary hydrothermal mineral 
in carbonate-sulfide veins by oxidation of organic material (of an oxalic acid) in the 
surrounding rock and often shows an association with barite, sphalerite, pyrite, 
bitumen, siderite (Zák & Skála, 1993; Hofmann & Bernasconi, 1998), all of these 
have been observed in the vein analysed. The detailed microstructural analysis of this 
vein (Fig. 8) suggests that the solid bitumen and the whewellite almost precipitated at 
the same time (first sketch in Fig. 14c). 
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5.4.2 Late halite in the A1C of well A 
A number of Ara carbonate stringer cores from the Harweel and the Greater Birba 
area show fractures, which are cemented by halite. The two most probable 
mechanisms to introduce fractures in salt-encased stringers are due to hydrofracturing 
(if the fluid pressure in the stringer overcomes the total normal stress and the tensile 
strength of the carbonates) or due to a phase of salt tectonics, enabling remobilization 
and flow of brines (Mattes & Conway Morris, 1990; Schoenherr et al., 2007b). The 
halite crystals surrounding the hydrothermal whewellite-paragenesis show numerous 
intracrystalline solid inclusions, some of them forming linear trails parallel to the vein 
wall but most inclusions form trails at a high angle to the vein wall (Fig. 8a and 
second sketch in Fig. 14c). Both orientations suggest a process of repeated fracturing 
and sealing – the so-called crack-seal mechanism (Ramsay, 1980; Dunne & Hancock, 
1994; Hilgers & Urai, 2005). The vein opening mechanism is commonly described as 
extensional failure, initiated by an increase in fluid pressure under low differential 
stresses (Sibson, 2003), which most likely led to an incorporation of the whewellite-
associated inclusions as the fracture reopened after crack collapse and re-sealing by 
halite. This interpretation is supported by the lower Br contents of the upper part of 
the halite vein compared to the lower part of the halite vein (Figs. 8a and 13b), 
suggesting that the upper and lower part of the halite vein did not precipitate at the 
same time and not from the same fluid, i.e. with the same salinity. Hence, this 
strongly favours a formation under strong overpressures by hydrofracturing as the 
opening mechanism for the late halite in well A. The complex microstructures shown 
in Fig. 8 thus suggest, that hydrofractures formed initially due to hydrothermal 
conditions and acted at a later stage as a preferred site for renewed hydrofracturing 
with associated precipitation of late halite (Fig. 14c). The partly near-lithostatic fluid 
pressure conditions of the isolated (salt-encased) stringers can be explained by a 
combination of undercompaction, anydrite to gypsum conversion and kerogen to oil 
maturation (Kukla et al., 2007). In addition, one possible mechanism is the external 
entry of hydrothermal fluids from pre-Ara strata as suggested by Schoenherr et al. 
(2007a), which led to a continuous build-up of fluid pressures in the stringers directly 
after the hydrothermal event. The somewhat lower Br content of the fracture-
cementing halite compared to the early pore-cementing halite (Fig. 13b) may be the 
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result of local dissolution of the early halite in the underlying thrombolite facies by 
the hydrothermal fluids.  
5.4.3 Late halite in the A2C of well B 
The formation of late halite in the Ara carbonate stringers is not restricted to fractures 
such as in the case study of well A. The vertical distribution of halite and solid 
bitumen in the A2C stringer of well B is strongly controlled by facies (Fig. 10) and 
thus very similar to the spatial occurrence in the A1C of well A. Halite cements are 
concentrated in the upper 2/3 of the A2C with an increasing trend from the uppermost 
basinal facies to the thrombolite facies in the mid section (with the initial highest 
primary porosity). This suggests an early origin from highly saline brines (as observed 
for the first case study) infiltrating the A2C stringer from above during deposition of 
the A3E. However, microstructures of the halite-cemented thrombolites (Fig. 11) 
clearly indicate that halite crystallization coincides with flow of oil and post-dates the 
formation of saddle dolomites. Saddle dolomites are not necessarily diagnostic for 
hydrothermal activities (Davies & Smith Jr., 2006) and rather are indicators for 
relatively high formation temperatures of ? 60 °C (after Radke & Mathis, 1980), 
compared to other coevally formed diagenetic phases (Machel & Lonnee, 2002). 
Hence, the temperature of 60 °C serves as a rough proxy for the minimum 
temperatures of late halite precipitation.   
As stated above and from the estimation of fluid volume required to precipitate the 
early halite of well A, it seems unlikely that the fluids for the late halite, which 
completely occupies porosity in the upper 50 meters of the A2C (Fig. 10), were 
introduced from an external source. The process, which best explains the petrographic 
late halite is redistribution of the early halite cements into (microstructurally) late 
halite by solution and re-precipitation. This is suggested by Br contents, which are 
significantly lower (difference is 100 ppm) than the early halite cements of well A 
(Fig. 13). Wardlaw & Watson (1966) stated that solution and subsequent re-
deposition of halite leads to depletion of Br in halite since the distribution coefficient 
from Br in halite is less than one. However, compared to the Br contents of the pure 
Ara salt, the late halite cements of well B are still very high, which indicates only 
slight depletion of Br within the otherwise closed system of the salt-encased stringer.   
The source of the fluid triggering dissolution of early halite in the A2C of well B 
remains highly speculative and may have several causes. Other than for the A1C of 
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well A it remains unclear, if the A2C of well B was affected by a hydrothermal event. 
In-house seismic interpretation shows that the A2C is strongly folded, which is 
attributed to a phase of salt tectonics due to passive downbuilding of the Ara Group 
during differential loading of the overlying Haima Supergroup (see Fig. 1; Loosveld 
et al., 1996). This process may have triggered remobilization of interstitial pore 
waters and recrystallization of the early halite by fluid cross flows (descending or 
ascending). Another possible process, which provides water to dissolve the early 
halite in the A2C, is thermochemical sulfate reduction (TSR) as deduced from 
corrotopic anhydrite, dedolomitization of the carbonate matrix (Fig. 6f) and the 
presence of sour gas in this stringer. Although, the amounts of water released during 
TSR are thought to be small, it can be of local significance (Machel, 2001).  
As observed in many other halite-cemented Ara carbonate stringers, thin films and 
droplets of solid bitumen line the halite cement in thrombolite pores of the A2C in 
well B (Fig. 11b). This observation and streaky-shaped intracrystalline solid bitumen 
droplets indicate that oil adhered on the pore walls and flowed within the NaCl-
supersaturated brine during crystallization of halite. A brownish halo around cube-
shaped solid bitumen inclusions (Fig. 11c) indicate decrepitation and leakage of oil 
inclusions (Roedder, 1984) in the halite cements most likely due to increasing 
temperatures, which led to thermal cracking of the oil inclusion into gas and solid 
bitumen. This interpretation means that halite crystallization occurred before the 
maximum paleo-temperatures were reached in the A2C of well B, regardless of 
whether it was triggered by burial at the so-called oil-deadline at 150 °C (Dahl et al., 
1999) or by hydrothermal activities, leading to the formation of solid bitumen. Hence, 
as the maturity data for the A2C interval of well B indicate ? 230 °C (see Schoenherr 
et al., 2007a), the halite cements crystallized in a temperature window of 60 - 150 °C 
during burial. 
The general sequence of the processes, leading to the formation of late halite and solid 
bitumen in the A2C of well B can be summarized as in the following: Early halite ? 
‘oil in place’ ? reworking of early into late halite ? higher temperatures (deep 
burial) leading to the formation of solid bitumen (see Fig. 5). 
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6 Conclusions 
Detailed petrographic work and bromine geochemistry of halite cements in the Ara 
carbonate stringer reservoirs provided significant new information on (1) the relative 
timing, (2) the formation mechanisms and (3) the impact on reservoir quality.  
(1) The relative timing of early and late halite cementation is constrained by its 
microstructural relationship with solid bitumen and bromine geochemistry. 
Case study 1 showed that early halite formed in the shallow burial realm 
(until ? 30 m), whilst late halite cementation is restricted to fractures, in 
which halite post-dates solid bitumen in the deep burial realm. Late halite in 
case study 2 formed in a burial temperature range of 60 - 150 °C as deduced 
by its microstructural relation with saddle dolomites and decrepitated oil 
inclusions.   
(2) Estimations of the fluid volume required to precipitate the amount of early 
halite cements clearly shows that seawater represents the only source for the 
NaCl-supersaturated brines. The KCl-rich nature of some early halite cements 
and some pure Ara salt samples in combination with their high Br contents 
favours early precipitation from a highly saline brine. Late halite in case study 
1 and probably in other wells formed by hydrofracturing due to strong fluid 
overpressures as indicated by crack-seal microstructures. Late halite cements 
in pores of case study 2 are a product of dissolution and re-precipitation of 
early halite as indicated by their depleted Br contents compared to early halite 
cements of case study 1. 
(3) Pervasive cementation of early halite is the main poroperm-degrading process 
in the Ara carbonate stringers. Early halite mostly occurs in the uppermost 
parts of the reservoirs and led to an inversion of reservoir quality. The 
solution and re-precipitation processes of early halite may produce variable 
(re)distribution patterns, which complicates reservoir quality prediction with 
respect to late halite cementation. The impact of late fracture-cementing halite 
on reservoir quality is interpreted as low. 
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Appendix 
 
Figure 1.  Halite-cemented Ara cores. a) Black arrows point to halite-plugged fenestral pores 
of a stromatolite. b) Black arrows point to halite-plugged fractures, probably post-dating flow 
of oil and formation of solid bitumen, respectively. White arrows point to early halite in 
growth framework porosity of thrombolites. 
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Figure 2. Halite-cemented pore in a thrombolite. Black solid bitumen occurs at grain 
boundary of clear halite, thus, post-dating halite cementation (Minassa-1H1, A1C, 3401.63 
m). 
 
Figure 3. Clear halite in a thrombolite pore is post-dated by meniscus-shaped black solid 
bitumen (Minassa-1H1, A1C, 3408.54 m). 
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Figure 4. Gamma-irradiated (at 100 °C) carbonate plug, showing blue halite crystals, which 
incoporate black solid bitumen particles. The halite shows slip lines and in places subgrains 
as white polygons, which indicates crystal plastic deformation. White material at left is 
whewellite (same sample as shown in Fig. 8a in this chapter) 
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Figure 5. Clear halite fills solution-enlarged pore. Its spherical shape outlines the shape of the 
body fossil Cloudina (Minassa-1H1, A1C, 3401.63 m). 
 
Figure 6. Halite-cemented fractures, showing no relationships with solid bitumen. Thus, the 
relative timing of fracturing is difficult to assess. They may have grown in poorly 
consolidated carbonate or due to salt tectonics later in burial history (Minassa-1H1, A1C, 
3394.66 m). 
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Figure 7. Carbonate matrix consists of coarse calcite (note twins and pink staining from 
Alizarin Red S), outlined by black solid bitumen along grain boundaries. This association is 
most likely a product of thermochemical sulfate reduction. 
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Chapter 3: Polyphase thermal evolution in the Infra-
Cambrian Ara Group (South Oman Salt Basin) as 
deduced by maturity of solid reservoir bitumen*  
 
Johannes Schoenherr, Ralf Littke, Janos L. Urai, Peter A. Kukla, Zuwena Rawahi 
 
Abstract 
Petrographic and organic geochemical analyses on solid reservoir bitumen from the 
Late Precambrian to Early Cambrian Ara Group indicate polyphase thermal evolution 
in the South Oman Salt Basin (SOSB). The Ara Group constitutes a complex 
petroleum system in the deep subsurface (3-5 km) of interior Oman. Salt diapirs 
encase isolated, partly highly overpressured carbonate bodies (intra-salt “stringers”) 
which represent a predominantly self-charging hydrocarbon system. A large number 
of stringer cores show that reservoir quality is decreased by the presence of solid 
reservoir bitumen. By using different microscopy techniques, this solid reservoir 
bitumen has been identified within pores, pore-throats and microfractures of the 
carbonates. Solid bitumen reflectance measurements (BRr) were converted to vitrinite 
reflectance (VRr), using a new improved calibration. Vitrinite reflectance 
geothermometry shows that maximum paleo-temperatures have highly heterogeneous 
distribution. Paleo-temperatures of 380 °C were obtained from coke-like solid 
reservoir bitumen, which most likely formed from thermal cracking out of oil. In our 
model, this process is related to hydrothermal fluids, deriving from deeper pre-salt 
strata of the SOSB, which entered the intra-salt carbonate stringers during times of 
basement tectonic activity via hydrofractures. This caused the formation of high 
maturities (“pyrobitumens”) in close vicinity to the fractures and precipitation of 
“migrabitumens” with increasing distance to the HT-source, which is supported by 
the geochemical composition of the solid reservoir bitumens. The influx of these 
                                                
* Johannes Schoenherr, Ralf Littke, Janos L. Urai, Peter A. Kukla, Zuwena Rawahi, 2007. 
Polyphase thermal evolution in the Infra-Cambrian Ara Group (South Oman Salt Basin) as 
deduced by maturity of solid reservoir bitumen. Organic Geochemistry, Vol. 38, p. 1293-
1318. 
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fluids into the carbonate stringers is considered to represent a major contribution to 
their strong overpressures.  
 
Key words: Solid reservoir bitumen; Oman; Oil cracking; Paleo-temperature; 
Hydrofracturing; Organic geochemistry. 
 
1 Introduction 
The deep subsurface of interior Oman contains thick evaporite-carbonate sequences 
of Infra-Cambrian age, known as the Ara Group, forming the primary petroleum 
system of the South Oman Salt Basin (SOSB). The Ara Group consists of salt diapirs, 
which enclose several isolated carbonate bodies at a depth of 3 to 5 km, known as the 
intra-salt Ara carbonate “stringer” play. These unusual reservoirs have been proven 
by Petroleum Development Oman (PDO) in recent times to be profitable exploration 
targets, but some wells have failed to produce at significant rates due to the reduction 
of porosity and permeability by solid bitumen (Al-Siyabi, 2005). 
In many hydrocarbon provinces the occurrence of solid bitumen represents a major 
exploration risk, as it strongly decreases reservoir quality. In the SOSB, this solid 
bitumen occurs mainly in pores and vugs of the Ara carbonate reservoirs, hence, 
according to Lomando (1992), we use the term solid reservoir bitumen, which defines 
a black solid residue, precipitating by secondary alteration processes from oil within a 
reservoir. The presence of this solid reservoir bitumen is a diagnostic indicator of 
hydrocarbon generation and migration within a rock unit. According to Rogers et al. 
(1974) and Blanc & Connan (1994), the most significant processes by which oil alters 
to solid reservoir bitumen are (1) thermal cracking of oil, (2) gas deasphalting and (3) 
biodegradation.  
Thermal cracking of oil (1) is the precipitation of solid bitumen from an oil reservoir 
which is affected by increasing temperature - e.g. if the reservoir is buried deeper. The 
upper temperature limit for trapped oil before it thermally cracks into gaseous and 
light hydrocarbons and into a solid residue (pyrobitumen) is around 150 °C at the so-
called “oil deadline” (Dahl et al., 1999). However, Horsfield et al. (1992) postulated 
higher temperatures of 160-190 °C for oil stability. Due to the high thermal stresses, 
those pyrobitumens have a clear geochemical fingerprint such as a very low HI value 
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(usually less than 80 mg HC/g TOC), a very high Tmax (> 460 °C) and depletion of 
polycyclic biomarkers (Blanc & Connan, 1994). 
Secondly, solid reservoir bitumen can precipitate by gas deasphalting. Oil 
accumulations in traps are mostly associated with the occurrence of gas, which can 
originate from external gas influx into the reservoir. The latter process decreases the 
average molecular weight of the oil due to gas injection into the oil column, leading to 
the formation of light oil and to the precipitation of asphaltenes (Blanc & Connan, 
1994). The composition of deasphalted solid reservoir bitumens represents a mixture 
of NSO’s, aromatics and asphaltenes (Rogers et al., 1974). In deasphalted reservoirs, 
solid bitumen mostly occurred in zones which had the best minus-oil poroperm-
characteristics, as gas migration is expected to follow the pathway of least resistance 
(Lomando, 1992). This process can lead to the formation of tar mats as have been 
reported for the Oseberg oil field in the North Sea (Dahl & Speers, 1986).  
Thirdly, biodegradation is the microbial oxidation of crude oil and is controlled by 
temperature (< 80 °C), depth, and the oil-water interface area in relation to the 
volumes of oil and water and the meteoric water influx (Larter et al., 2006). The 
effects of biodegradation are well known such as the degradation of n-alkanes, the 
loss of isoprenoids (e.g. pristane and phytane, which are consumed by bacteria) and 
the depletion of aromatic components. At the same time biodegradation leads to the 
enrichment of NSO compounds within the reservoir, which in turn leads to an 
increase of the oil viscosity (Wilhelms et al., 2001; Head et al., 2003). These 
microbial alteration processes result in a decrease of the API gravity of the trapped 
oil, forming heavy oils and, in places, tar mats (Roadifer, 1987). 
In addition, Walters et al. (2006) propose another formation mechanism of solid 
reservoir bitumen from the Tengiz Field, Kazakhstan, termed reactive polar 
precipitation. This process forms solid bitumen under reservoir temperatures 
corresponding to < 120 °C by thermal cleavage of labile, non-aromatic sulphur 
species of the oil. Furthermore, in a temperature range of 100-140 °C and in some 
settings between 160-180 °C, solid reservoir bitumen may form as a by-product by 
thermochemical sulfate reduction, which is the reaction between aqueous sulfate 
(from anhydrite dissolution) and petroleum fluids to produce H2S and calcite (Worden 
et al., 2000; Machel, 2001).  
The investigation of solid reservoir bitumen deposits (e.g. tar mats) and its formation 
mechanisms is of broad economic interest, because the transformation process inside 
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a reservoir has a significant influence on oil composition and quality and on 
exploration strategies. Therefore, many workers focussed on the geochemical nature 
of solid reservoir bitumen (Rogers et al., 1974; Curiale, 1986; Landis & Castaño, 
1995; Littke et al., 1996; Hwang et al., 1998; Huc, 2000) and also on its influence on 
reservoir quality (Dixon et al., 1989; Lomando, 1992). Based on petrographic 
techniques, the first generic classification of solid bitumens by Abraham (1948) has 
been revised by Jacob (1989). He subdivided solid bitumens (“migrabitumen”) by 
their optical reflectance, fluorescence intensity, micro-solubility, micro-flowpoint and 
density into the maceral subgroups asphaltenes and impsonites (“pyrobitumen” after 
Landis & Castaño, 1995), which in turn are differentiated into the macerals epi-, 
meso- and cata-impsonites. These pyrobitumens are characterized by their insolubility 
in CHCl3 (and immersion oil), a non-fluorescent appearance and a solid bitumen 
reflectance (BRr) exceeding ? 0.7%, the latter criterion indicating elevated thermal 
maturity. 
The standard method to determine thermal maturity of a given stratigraphic level in a 
sedimentary basin is by means of vitrinite reflectance (VRr) measurements. However, 
marine carbonates and pre-Devonian rocks commonly do not contain vitrinite but may 
have a significant amount of solid bitumen associated with generated hydrocarbons. 
Jacob (1989) has shown that there exists a strong correlation of VRr and BRr, which 
is:  
VRr = 0.618 x BRr + 0.4        (1) 
The use of BRr as a thermal maturity indicator was also established by Landis & 
Castaño (1995), who have measured a large number of samples, containing particles 
of vitrinite and solid bitumen. Their results show a linear correlation between BRr and 
VRr in the range of ? 0.5 to ? 5.0% BRr. The correlation equation is  
VRr = (BRr + 0.41)/1.09        (2) 
Barker & Bone (1995) reported seven criteria to differentiate vitrinite from solid 
bitumen, one of which is its morphology and texture. In detail, Landis & Castaño 
(1995) showed that the degree of thermal maturation is directly associated with the 
solid bitumen microtexture. They differentiated a “homogenous” type with a uniform 
BRr, a “granular” type showing BRr heterogeneity and ”coked” solid bitumen. At the 
same thermal maturation level, the “granular” type reveals a lower reflectance 
compared to the “homogenous” type, whereas the “coke”-like type develops if solid 
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bitumen undergoes high temperatures such as due to burial or contact metamorphism 
(Khavari-Khorosani & Murchison, 1978; Goodarzi et al., 1992; Hwang et al., 1998). 
This “coked” solid bitumen exhibits a strong optical anisotropy, high BRr-values 
(well in excess of 1% according to Hwang et al., 1998) and appears either as a mosaic 
optical texture, suggesting an asphaltene-rich precursor, or a flow-like texture, which 
may originate from deasphalted heavy oils (Nandi et al., 1978). As a result, the 
coexistence of these types within one sample would reveal a broad reflectance range 
and a high standard deviation. The occurrence of different generations of solid 
bitumen reflectance within a sample may indicate several migration episodes (Gentzis 
& Goodarzi, 1990).  
In general, solid reservoir bitumen precipitates out of oil within the reservoir and, 
therefore, it can be regarded as a reservoir-altering cement which plugs pores, 
intercrystalline porosity, pore throats and fractures at all dimensions from complete 
pore occlusion to grain-coating “skins”. The shape of solid reservoir bitumen then 
reflects the shape of the available open pore space because it is a non-crystalline 
material, resulting in a significant reduction of pore throat size and permeability, 
respectively, and consequently in reservoir quality (Lomando, 1992). 
The purpose of our study is to characterize solid reservoir bitumen from the intra-salt 
Ara carbonate stringer reservoirs of the SOSB and its implications for the thermal 
evolution of the Ara Group by means of geochemical analyses, petrographic 
techniques and correlated maturity analysis. 
2 Geological setting 
The study area is in the most southwestern part of the SOSB, which represents one of 
three salt basins constituting the deep subsurface of interior Oman (Fig. 1). The Ara 
Salt forms part of a restricted Infra-Cambrian salt basin system which stretches from 
the Arabian Shield to central Iran and probably further east (Mattes & Conway 
Morris, 1990). The formation of the SOSB started with the sedimentation of the Huqf 
Supergroup from the Neoproterozoic until the Early Cambrian above a crystalline 
basement (Gorin et al., 1982), showing radiometric ages of 870 to 740 Ma (Hughes 
Clarke, 1988). The Huqf Supergroup consists of four groups, which are mainly 
constituted by continental clastics and marine deposits (Fig. 1). Solid reservoir 
Chapter 3: Solid bitumen 
 83
bitumen-plugged cores studied in this paper derive from the Ara Group, which spans 
the Pre-Cambrian/Cambrian boundary (Fig. 1) (Amthor et al., 2003). 
 
Figure 1. Overview map, cross section and chronostratigraphy of the SOSB (compiled from 
Peters et al., 2003 and Qobi et al., 2001). The map shows the salt basins of interior Oman 
shaded in grey and the exploration areas “Greater Birba” and “Greater Harweel” containing 
the wells studied. Inset upper right shows the subsurface stratigraphy of interior Oman, with 
the Ara Group spanning the Precambrian-Cambrian boundary. The simplified cross section 
illustrates Ara Salt diapirs, which enclose isolated Ara carbonate stringer reservoirs. 
 
During Infra-Cambrian times, rapid subsidence of the SOSB controlled evaporite to 
carbonate sedimentation of the Ara Group (Mattes & Conway Morris, 1990), which is 
represented by at least six third-order cycles of presently 3 to 4 km thickness. Ara Salt 
sedimentation occurred at very shallow water depths, followed by the deposition of 20 
to 250 m thick partly isolated carbonate platforms with bioherms (thrombolites) and 
laminites during trangressive periods (Fig. 2) (Mattes & Conway Morris, 1990; 
Amthor et al., 2005; Al-Siyabi, 2005). These carbonates form the main reservoir 
facies of the Ara Group petroleum system (Schröder et al., 2005). The subsurface 
stratigraphic nomenclature of the Ara Group is shown in Fig. 2.  
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Figure 2. Schematic sketch illustrating the tectono-stratigraphic evolution of the Ara Group 
from A3C to A4C cycle during Infra-Cambrian times and indicated Ara Group terminology. 
a) Ara Salt deposited above irregular-shaped A3C carbonate platforms during seawater 
lowstands. b) During the following transgression, the A4C carbonate cycle deposited above 
the Ara Salt. Strong subsidence of the SOSB led to the formation of fractures in the 
underlying strata (modified Fig. from Petroleum Development Oman). 
 
During seawater highstands, prolific oil source rocks have been formed in the deeper 
(some hundreds of meters) and periodically anaerobic to dysaerobic parts of the basin. 
Density stratification of seawater allowed preservation of a sufficient amount of 
organic material in the bottom layers as high productivity of algal material in the 
upper water layers was present (Mattes & Conway Morris, 1990). Sulphate deposits 
are 10 to 20 m thick, forming transition zones from halite to carbonate (floor 
anhydrite) and from carbonate to halite (roof anhydrite).  
In the Middle Cambrian, the marine facies of the Ara Group was superseded by the 
continental deposition of the Haima clastics, which form pronounced “pods” due to 
periods of salt movement (see cross section in Fig. 1). The differential loading 
(“downbuilding”) of these clastics onto the mobile substrate of the Ara Salt caused 
strong halokinesis, which had a large impact on the structural style and the 
hydrocarbon trapping potential of the Ara carbonate stringer play. 
The stringer cores show intense diagenetic modifications like extensive cementation 
by halite and solid bitumen (Al-Siyabi, 2005). In addition, Schoenherr et al. (2007b) 
show that solid bitumen occurs at grain boundaries and intracrystalline microcracks in 
the Ara Salt in close vicinity to the carbonate stringer reservoirs. They propose that 
this solid bitumen has been formed out of oil, which penetrated the salt as the oil 
pressure in the stringers reached the capillary entry pressure in the pore throats of the 
Ara Salt, causing a diffuse dilatancy. The overpressure generation in the majority of 
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the Ara carbonate stringers results most likely from conversion of kerogen to oil and 
gas, compaction and mineral transformation (gypsum to anhydrite) (Mattes & 
Conway Morris, 1990). 
The presence of source rocks in the Ara Group was proven by numerous well 
penetrations and shows a patchy distribution (Visser, 1991). Grantham (1986) has 
shown that crude oil of the South Oman (“type A”) is characterized by a 
predominance of C29 iso- and normal-steranes and stated that these derive from a 
variety of algae in the Late Pre-Cambrian – Early Cambrian source rocks. Using 
biomarker analysis, Terken et al. (2001) subdivided three end-members of the Huqf 
oil family (derived from Neoproterozoic - Early Cambrian source rocks). One of these 
has been generated within the intra-salt carbonate stringers from mature high-quality 
Type I/II marine source rocks during the early Cambrian to Ordovician as a result of 
maximum burial temperatures due to the deposition of the thick Haima clastics 
(Visser, 1991; Terken et al., 2001). Recent geochemical analyses also suggest 
contributions of pre-Ara Group oil charge in some of the carbonate stringers (Al-
Siyabi, 2005). As source rocks in Oman had a principally oil-prone signature, some of 
the gas occurrences in the SOSB may be interpreted as a by-product of thermal 
cracking of formerly trapped oil in the respective reservoirs or source rocks (Terken et 
al., 2001). The present-day temperature profile of the SOSB corresponds to a 
geothermal gradient of 18 - 20 °C/km (unpublished PDO data). 
3 Methodology 
3.1 Microscopy 
All samples have been studied by reflected and transmitted light microscopy. For 
reflected light microscopy 2 x 2 cm-sized blocks were cut using a diamond saw, and 
polished using a non-crystallizing colloidal silica suspension. Transmitted light 
microscopy was performed on polished thin sections which are 3 cm wide, 5 cm long 
and approx. 30  m thick. In addition, selected samples have been investigated by 
scanning electron microscopy, performed on a Zeiss DSM-962. For this, small slabs 
with an area of ~ 10 x 10 mm and ~ 5 mm thickness were cut out of a solid reservoir 
bitumen-rich area of the carbonate core using a diamond saw. The rectangular prism 
was then carefully broken perpendicular to the long side and the obtained broken 
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surface was then coated with gold to differentiate carbon-rich phases during EDX-
measurements.  
3.2 Solid bitumen reflectance (BRr %)  
Mean random solid bitumen reflectance (BRr %) measurements were carried out by 
two different methods - using a conventional photometer system, and by grey value 
determination (discussed in the next two sections). 
3.2.1 BRr (%) measured by photometer 
Solid bitumen reflectance measurements have been carried out on the polished 
carbonate blocks mentioned above (2 x 2 cm in size) under reflected light using a 
Zeiss microphotometric system, which was calibrated by a Zeiss Yttrium-Aluminium-
Garnet standard (R = 0.889%) or by a Zeiss Cubic Zirconia standard (R = 3.125%). 
The photometer was provided with a pinhole aperture to read a spot with a diameter 
of 5 µm on the sample surface at a wavelength of 546 nm, using a 40x/0.85 n.a. lens 
in oil immersion (ne = 1.518). Moreover, solid bitumen from the pure Ara Salt 
interval sample B9 was enriched by dissolution of the salt in de-ionized water. After 
drying, polished mounts of solid bitumen concentrate were prepared for reflectance 
measurement.  
3.2.2 BRr % calculated by grey values 
Maturity analysis requires a sufficient number (? 50) of reflectance measurements on 
vitrinite or solid bitumen particles to provide reliable data. Reflected light microscopy 
revealed that some of the SOSB samples contain solid bitumen particles, which are 
too fine-grained (less than ? 5 µm) to apply the conventional method described in 
3.2.1. In those samples, we measured the grey values (value of brightness) of the solid 
reservoir bitumens. For this method a Zeiss Axioplan microscope was interfaced with 
a Zeiss Axio digital camera and a desktop computer. The calibration was applied with 
five standards at 10 V for a 40x/0.85 n.a. lens under immersion oil (ne = 1.518). For 
every standard approximately 60 areas (rectangles) with different amounts of pixels 
(range: 70 - 2600 pixel/area) have been measured, from which the grey value was 
determined by averaging. An equation, which converts the average grey value to BRr 
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(%), was then obtained as the regression equation from the plot of average grey value 
versus the reflectance of each standard.  
Standards used for calibration with corresponding reflectance (%) are: 
- Leuko-Saphir: 0.592 
- Yttrium-Aluminium-Garnet: 0.889 
- Gadolinium-Gallium-Garnet: 1.714 
- Cubic Zirconia: 3.125 
- Silicium-Carbid: 7.84 
3.3 TOC content and Rock-Eval pyrolysis 
The assessment of the carbon content was performed with a LECO multiphase 
C/H/H2O analyser (RC-412). This instrument operates in a non-isothermal mode with 
continuous recording of CO2 release during oxidation, thus permitting the 
determination of inorganic and organic carbon in a single analytical run. All analyses 
were performed in duplicate and the results were averaged.  
Rock-Eval analysis was performed with a Rock-Eval II DELSI INC. instrument. 
Approximately 100 mg of the powdered rock are pyrolysed in a helium atmosphere in 
the absence of oxygen. Firstly, the sample is rapidly heated to 300 °C and remains 
exposed to this temperature for 3 - 4 minutes. Subsequently pyrolysis proceeds in a 
temperature-programmed fashion by heating the rock powder to 550 °C at a heating 
rate of 25 °C/min. The volatiles released from the rock sample by thermal desorption 
(S1 peak) and thermal cracking (S2 peak) are detected by a flame-ionisation detector 
(FID). The carbon dioxide produced during decomposition of the organic matter (S3 
peak) is detected by means of a thermal conductivity detector (TCD). The detector 
signals are integrated and quantified by comparison with a “Humble” standard 
(Posidonia shale). 
3.4 Solvent extracts and gas chromatography  
About ten grams of the pulverised samples were placed in cellulose thimbles, covered 
with pre-treated glass wool and subjected to Soxhlet extraction at 60 °C for 48 hours 
using a solvent mixture of acetone, chloroform and methanol (47:30:23 v/v) in order 
to ensure optimum extraction of bitumen in the samples. In addition, the porous steel 
discs that acted as fluid reservoirs during thermal degradation experiments were also 
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extracted at 45 °C for 48 hours using dichloromethane. Finely split copper plate (2 
cm2) activated with HC1 was used to scavenge elemental sulphur during extraction. 
Various extracts were concentrated using a rotating vapour evaporator at room 
temperature and pressure of 220 - 250 mbar, transferred to 8 mL glass bottles using 
the solvent used for extraction, and allowed to evaporate to dryness in a vented hood. 
This was followed by fractionation using silica-gel column chromatography with 
columns prepared by activating about 2 g of Baker silica gel in a glass column for 24 
hours at 200 °C. Each extract was introduced onto a column and progressively eluted 
into six fractions ranging from aliphatics to polars. Solvents used for elution ranged 
from 5 mL of n-pentane for the aliphatic fraction to 5 mL of methanol for the polar 
fraction. Samples were concentrated to 100 ?L followed by gas chromatographic 
(GC) analysis. The methanol fraction was further derivatised after concentration to 1 
mL. This was mixed with a BF3 solution (50:50 v/v), homogenised, and placed in a 
sand bath at 70 °C for two hours. After cooling, water and diethylether (50:50 v/v) 
were added to the mixture yielding two phases that could be separated. The less dense 
phase containing methyl esters of saturated fatty acids was skimmed with a pipette 
and concentrated to 100 ?L for GC analysis. Concentrated extract volumes ranging 
from 0.2 to 0.5 ?L were injected into a GC 8332 (ZB 5 column, 30 m long, 0.25 mm 
id, 0.25?m ft) equipped with an on-column injector and a FID.  The GC was kept at 
the initial temperature of 60 °C for three minutes, then heated to 300 °C at 3 °C/min 
and held at this final temperature for 20 minutes.  
4 Results  
4.1 Occurrence and distribution of solid reservoir bitumen 
in the Ara Group 
4.1.1 Regional occurrence 
Solid reservoir bitumen is very common in the Ara Group. The solid reservoir 
bitumen-bearing Ara carbonates we studied come from two areas in the southwestern 
most part of the SOSB, namely the Greater Birba Area and the Greater Harweel Area. 
Their geographic centres are approx. 80 km apart (see Fig. 1). Plugs of core have been 
sampled randomly from 13 wells in a depth range of 3000 - 5500 m over a broad 
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range of different stringer intervals (A1C - A4C) and from different carbonate facies 
(Table 1). Initially, 92 samples from the Ara carbonate cores were investigated, from 
which 87 samples contain solid reservoir bitumen, showing its widespread spatial 
occurrence in the Ara Group over a depth range of around 2500 m. A sample set of 47 
carbonates and 1 salt sample has been chosen (see Table 1), which contains a large 
amount of solid reservoir bitumen, enabling the study of its petrographic and 
geochemical character and its optical reflectance.  
sample wellname depth strata P facies BRr (%)  stdev  n  
            high low high low high low 
P_01 Ajeeb-1H1 4532.00 A2C  ? 
Cuttings: 
Slope/basinal 
mudstones 
1.27   0.05   10   
P_02 Ajeeb-1H1 4588.00 A2C  ? 
Cuttings: 
Slope/basinal 
mudstones 
1.28   0.06   50   
O_85 Birba-2 2857.04 A4C 
OP Offshore transition 
zone 
0.35   0.08   18   
O_80 Birba-4 2911.75 A4C 
OP Offshore transition 
zone 
0.40   0.08   26   
O_03 Birba-5 3008.00 A4C OP Peritidal carbonate 0.47   0.10   26   
B_09 
Birba North-
1H1 
3674.00 - - Salt 0.35   0.05   50   
O_71 
Birba North-
1H1 
3789.22 A3C NP 
Open marine 
thrombolites 
0.29   0.09   67   
O_73 
Birba North-
1H1 
4201.36 A2C NP 
Grainstone shoals 
or isolated 
sandsheets 
0.34   0.03   59   
O_04 Dafaq-1H1 5117.82 A2C OP Peritidal carbonate 0.80   0.05   28   
O_05 Dafaq-1H1 5136.35 A2C OP 
Slope/Basin 
turbidites 
0.93   0.13   27   
O_06 Dafaq-1H1 5137.82 A2C OP 
Slope/basinal 
mudstones 
0.90   0.08   51   
P_03 Dafaq-1H1 5141.60 A2C OP 
Microbial bound 
mudstones 
1.01   0.03   12   
P_04 Fayrouz-1H1 4217.70 A3C OP 
Slope/basinal 
mudstones 
3.80   0.43   31   
O_10 Fayrouz-1H1 4219.54 A3C OP 
Slope/basinal 
mudstones 
3.44 1.41 0.76 0.17 28 158 
O_11 Fayrouz-1H1 4221.56 A3C OP 
Slope/basinal 
mudstones 
4.18 0.53 0.29 0.10 10 25 
P_05 Fayrouz-1H1 4225.80 A3C OP 
Slope/basinal 
mudstones 
5.80   1.60   50   
P_06 Fayrouz-1H1 4235.70 A3C OP 
Slope/basinal 
turbidites 
4.04   0.81   50   
O_07 Fayrouz-1H1 4501.32 A2C NP 
Open marine 
thrombolites 
0.80   0.14   30   
P_07 Fayrouz-1H1 4509.40 A2C NP 
Open marine 
thrombolites 
0.86   0.08   50   
P_08 Ghafeer-4H1 4392.70 A3C OP Peritidal carbonate 0.77   0.07   22   
O_15 Ghafeer-4H1 4393.42 A3C OP 
Open marine 
thrombolites 
0.70   0.09   30   
O_16 Ghafeer-4H1 4400.62 A3C OP Peritidal carbonate 0.63   0.07   18   
O_17 Ghafeer-4H1 4461.48 A3C OP Peritidal carbonate 0.66   0.05   26   
O_18 Ghafeer-4H1 4462.75 A3C OP Peritidal carbonate 0.76   0.07   18   
O_83 Ghafeer-4H1 4602.36 A2C OP 
Open marine 
thrombolites 
0.74   0.10   52   
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P_09 Lahan-1H1 4092.00   ? 
Cuttings from 4271 
m 
0.85   0.04   17   
P_10 Lahan-1H1 4200.00   ? to 4297 m 1.40   0.24   82   
O_56 Ma'mour-1H1 4878.60 A3C OP Thrombolite 0.98   0.15   20   
P_11 Minassa-1H1 3381.40 A1C OP 
Offshore transition 
zone 
0.66   0.04   50   
P_12 Minassa-1H1 3386.60 A1C OP Peritidal carbonate 0.57   0.02   50   
O_31 Minassa-1H1 3399.83 A1C OP 
Massive 
thrombolite 
0.40   0.10   18   
P_17 Minassa-1H1 3408.30 A1C OP 
Open marine 
thrombolite 
0.77   0.11   19   
P_13 Minassa-1H1 3417.00 A1C OP Peritidal carbonate 0.49   0.05   50   
O_32 Minassa-1H1 3429.98 A1C OP 
Disrupted 
thrombolite 
0.26   0.04   33   
P_14 Minassa-1H1 3431.20 A1C OP Peritidal carbonate 0.49   0.03   50   
P_15 Minassa-1H1 3445.50 A1C OP 
Slope/basinal 
mudstones 
0.28   0.04   50   
P_16 Minassa-1H1 3447.80 A1C OP 
Slope/basinal 
mudstones 
0.35   0.03   50   
O_63 Qashob-1H1 5500.60 A2C OP Peloidal packstone 1.59   0.20   39   
O_57 Reef-1H1 3560.65 A2C OP 
Open marine 
thrombolite 
0.43   0.05   18   
O_19 Sakhiya-1H1 4340.12 A3C OP 
Offshore transition 
zone 
0.81 0.34 0.06 0.04 58 42 
O_20 Sakhiya-1H1 4359.37 A3C OP 
Grainstone shoals 
or isolated 
sandsheets 
0.83   0.10   25   
O_21 Sakhiya-1H1 4397.61 A3C OP Slope breccias 1.12   0.15   17   
O_35  Shujairat-1H1 4772.32 A3C ? 
Slope/basinal 
mudstones 
0.80   0.10   13   
O_25 Shujairat-1H1 4776.84 A3C ? 
Slope/basinal 
turbidites 
0.97   0.19   16   
O_27 Shujairat-1H1 4793.24 A3C ? 
Slope/basinal 
turbidites 
1.18   0.23   21   
O_22 Shujairat-1H1 5037.56 A2C NP 
Open marine 
thrombolites 
0.71 0.30 0.26 0.06 24 14 
O_23 Shujairat-1H1 5044.46 A2C NP Peritidal carbonate 0.61   0.10   25   
O_24 Shujairat-1H1 5076.02 A2C NP Peritidal carbonate 1.03   0.20   28   
Table 1. Solid bitumen reflectance of Ara Group samples. Solid bitumen-bearing samples 
derive from four carbonate cycles (A1C - A4C) and different carbonate facies. The BRr-
values were measured by the use of a photometer and by calculation from grey values 
(highlighted in grey). For samples containing two generations of solid bitumen (n = 4), the 
lower reflectance one is indicated to the right of the higher reflectance one. P is pressure 
conditions of the stringer: OP is overpressured, NP is normally pressured. Stdev is standard 
deviation and n is number of measurements. 
 
4.1.2 Mesostructures of solid reservoir bitumen-bearing Ara cores 
Solid reservoir bitumen has been found in various Ara carbonate facies (Table 1). 
Macroscopically, the carbonate cores show that solid reservoir bitumen occurs as 
black cement which occludes and lines pores (Fig. 3a). Other cores show abundant 
solid reservoir bitumen-plugged fractures and thin laminaes (Fig. 3b) and in some 
cases solid reservoir bitumen causes a homogeneous dark colour of the carbonates 
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(Fig. 3c). Occasionally, solid reservoir bitumen has been observed in cores of pure 
Ara Salt intervals (Fig. 3d).  
 
Figure 3. Examples of solid reservoir bitumen-plugged Ara Group cores from the SOSB; 
short dimension of all core photos corresponds to 8 cm. a) Black solid reservoir bitumen 
occludes pores of a massive thrombolite (sample O-31). b) Solid reservoir bitumen fills 
microfractures perpendicular and normal to the lamination (sample O-16). c) The dark grey 
colour of an intensively fractured mudstone is caused by a high amount of solid reservoir 
bitumen in the carbonate matrix (sample O-11). d) Black Ara Salt: The occurrence of solid 
reservoir bitumen follows a foliation, which trends from upper right to lower left; note clear 
halite at left (sample B-09). 
  
Point count analysis over the whole length of stringer core A1C from well Minassa-
1H1 revealed that the vertical distribution of solid reservoir bitumen shows an 
increasing trend with depth. However, its occurrence is almost unpredictable at the 
scale of meters (Fig. 4). Quantity and occurrence of solid reservoir bitumen within the 
Ara Group are most likely not simply related to depth but vary slightly with facies. 
For example, carbonates with an initially high porosity, such as the reef-constituting 
thrombolites, are in places completely plugged by solid reservoir bitumen. 
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Figure 4. Distribution of solid reservoir bitumen within stringer A1C of well Minassa-1H1. 
Vol.-% of solid bitumen, revealed by point count analysis, is plotted versus along hole depth 
(ahd); (data from Petroleum Development Oman). 
 
4.1.3 Microstructures of solid reservoir bitumen 
The microstructure of solid reservoir bitumen in the Ara Group sediments has been 
characterized by transmitted and reflected light microscopy (under immersion oil) and 
scanning electron microscopy. Transmitted light microscopy shows that solid 
reservoir bitumen occurs as a black opaque material, in places completely occluding 
the porosity of the carbonates (Fig. 5a), although it is rarely found to plug all available 
porosity in most of the samples. Typically, solid reservoir bitumen partially fills the 
pores as a meniscus-shaped cement, which coats pore walls and plugs the pore throats 
of the carbonates (Figs. 5b-5d), thus interrupting the pore connectivity. Additionally, 
most samples reveal intracrystalline angular-shaped particles of solid reservoir 
bitumen, which are finely dispersed within carbonate grains (Fig. 5e). In some cases, 
thin and straight-shaped microfractures are completely filled by solid reservoir 
bitumen (Fig. 5f). “Coke” texture of solid reservoir bitumen has been detected under 
reflected light over a vertical length of ? 20 m in stringer A3C of well Fayrouz-1H1. 
This “coke” is characterized by a bright reflective appearance with a strong 
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anisotropy and a massive granular structure with abundant fissures. Typically, this 
coke-like solid reservoir bitumen reveals a vesicle-like (cenospheric) fabric (Fig. 5g). 
Solid reservoir bitumen was also observed in the salt intervals, which surround the 
carbonate stringers. Using transmitted light microscopy, thin brownish “skins” of 
solid reservoir bitumen cover intracrystalline microcracks and grain boundaries of the 
salt (Fig. 5h).  
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Figure 5. Micrographs of solid reservoir bitumen-associated microstructures of Ara Group 
samples. a) Black solid reservoir bitumen occupies complete pore space of sample O-10 
(transmitted light, x nicols). b) Solid reservoir bitumen occurs as black meniscus-shaped 
cement in otherwise open pores in sample O-32 (transmitted light, crossed nicols). The SEM 
image from the same sample shows a smooth cover of solid reservoir bitumen at the pore 
wall. c) Granular solid reservoir bitumen fills small pores between “dog tooth” dolomite 
cements in sample O-18 (reflected light under immersion oil). d) SEM image of a broken 
piece of sample O-16 shows intergranular dark solid reservoir bitumen between euhedral 
dolomite rhombohedrons. e) Intracrystalline solid reservoir bitumen exhibiting angular shape 
within dolomite cement of sample O-07 (reflected light under immersion oil). f) The SEM 
image of a thin section of sample O-06 shows that solid bitumen-plugged microfractures have 
an angular shape and force through calcite (Cc) and anhydrite (An), and incorporate angular 
dolomite (Dol) fragments in the lower centre. EDX analysis of dark solid reservoir bitumen in 
the fracture reveals a high amount of carbon. g) Coke-like solid reservoir bitumen of sample 
O-10, showing bright reflectance and a massive granular mosaic texture with cenospheric 
textures in the centre; note intragranular low reflective solid reservoir bitumen with a flow-
like texture, which is finely dispersed around the “coke” (reflected light under immersion oil). 
h) Thin section of Ara Salt sample B-09 scanned in transmitted light (see Fig. 3d) shows that 
solid reservoir bitumen covers grain boundaries and intragranular microcracks (micrograph 
upper left taken under transmitted light). 
 
4.2 Solid bitumen reflectance (BRr %) 
Solid bitumen reflectance (BRr %) has been measured on 48 samples which come 
from different stringer intervals of the Ara Group (see Table 1). The use of grey 
values to calculate BRr has been applied on particles which are too small to measure 
with the pinhole aperture of a calibrated photometer. A simple validation of BRr-
values obtained by grey values has been applied by measuring some samples with 
both methods (Fig. 6). The results show a close approximation to a linear trend. 
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Figure 6. Validation of BRr (%) values from grey value determination on 8 samples, 
containing particles of solid reservoir bitumen which are coarse enough to measure the optical 
reflectance by the use of a conventional photometer. 
 
The results of the BRr measurements are presented in Fig. 7, and reveal a very 
heterogeneous distribution of BRr-values in different stringers at the same depth 
levels and over vertical lengths within a single Ara carbonate stringer. It is 
highlighted for stringer A1C of well Minassa-1H1. The BRr-values of 9 samples from 
well Minassa-1H1 show differences of up to 0.5% BRr within ? 60 m of vertical 
distance (see Fig. 7).  
The BRr-values of all samples do not show a linear depth-thermal maturity trend in 
the Ara Group. The lowest BRr-values have been measured on samples from different 
stringer intervals of the Greater Birba Area and from those samples revealing two 
(maturity-related) generations of solid reservoir bitumen such as sample O-19 from 
well Sakhiya-1H1, sample O-22 from well Shujairat-1H1 and sample O-11 from 
Fayrouz-1H1 (see Fig. 5g). Coke-like solid reservoir bitumen has been found only in 
stringer A3C of well Fayrouz-1H1, where the highest reflectance in the study area has 
been recorded (3.5 - 5.8% BRr).  
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Figure 7. Depth versus solid bitumen reflectance plot of 48 Ara samples; values are shown in 
Table 1. The same symbol shape but different fillings differentiate the stringer intervals (A1C 
- A4C) for the individual wells. The diagram shows a heterogeneous distribution of BRr-
values in the Ara Group, even within a single stringer (differences can be up to ? 0.5% BRr 
within 30 m vertical distance as in Minassa-1H1). Note that the exceptionally high reflectance 
values (3.5 - 5.8% BRr) of the coke-like samples from A3C stringer of well Fayrouz-1H1 are 
not shown in the diagram (see Fig. 8a). Arrows point to the lower reflective solid reservoir 
bitumen generation of sample O-10 from Fayrouz-1H1 illustrated in Fig. 8a and of sample O-
19 from Sakhiya-1H1 illustrated in Fig. 8b. 
 
As shown in Fig. 5g, some samples contain two types of solid reservoir bitumen, 
distinguishable by their microstructure and reflectance. A number of samples from 
stringer A3C of well Fayrouz-1H1 show high reflective (coke-like) and moderate 
reflective (flow-like) solid reservoir bitumen types at a depth of around 4220 m (Fig. 
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8a). Two types of solid reservoir bitumen were also identified in sample O-19: one 
moderate reflective phase which fills thin microfractures, and a low reflective phase 
occurring as intra- and intercrystalline particles with a clear spherical shape (Fig. 8b). 
 
Figure 8. Some Ara carbonates have two generations of solid reservoir bitumen, as shown by 
the corresponding histograms, which reveal a bimodal distribution of reflectance values. a) 
Coke-like solid reservoir bitumen (white arrow) and low reflective solid reservoir bitumen 
(black arrow) in sample O-10 from well Fayrouz-1H1 (reflected light under immersion oil). 
The large scatter of BRr-values in the range of 3 - 5% is caused by the strong anisotropy of 
the coke. b) The higher reflective solid reservoir bitumen outlines a microfracture (white 
arrows), and the low reflective phase is indicated by the black arrow (sample O-19 from 
Sakhiya-1H1; reflected light under immersion oil). 
 
4.3 Organic geochemical analyses 
4.3.1 Organic carbon content and Rock-Eval pyrolysis 
Total organic carbon (TOC) was measured on 19 samples and ranged from 0.5 to 17.8 
wt.-% (Table 2). Values greater than 3% occur in samples containing solid reservoir 
bitumen-plugged macropores and mm-wide solid reservoir bitumen-filled fractures 
(Figs. 5a and 5f). Regionally, the highest TOC values occur in coke-bearing samples 
O-10 and O-11 from well Fayrouz-1H1. Most samples contain only low percentages 
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of organic carbon (less than 2% or even 0.5%), but these values are nevertheless high 
enough to cause a black staining of the carbonates. This is due to the fact that a thin 
“carpet” of solid bitumen often surrounds mineral grains. The results of the Rock-
Eval pyrolysis are summarized in Table 2. 
Table 2. Summary of Rock-Eval data of selected Ara carbonates. For comparison with 
maturity data (Table 1), samples with measured BRr (%) are shaded in grey. Sample O_32 R 
represents the residual after solvent extraction of sample O_32 with dichloromethane (see text 
for explanation). * Probably, due to heterogeneity, the TOC value was determined on a non-
representive aliquot of O_32. n.d. is not determinable.  
 
Care should be taken with respect to S3 peaks and calculated oxygen indices since it 
is well-known that in carbonate-rich lithologies CO2 in Rock-Eval analyses is 
generated not only from organic matter but also from carbonates (Peters, 1986). In a 
plot of HI versus OI (Fig. 9) it becomes evident that HI values are highly variable, 
ranging from almost 0 to 700. As none of the samples contains significant amounts of 
primary organic matter, the differences have to be attributed to variable composition 
of the solid reservoir bitumen. Lowest HI values were found for the samples from 
well Fayrouz-1H1, which contain coke-like solid reservoir bitumen, as well as for the 
sample from Qashoob-1H1 and Ghafeer-4H1. Highest HI values characterize samples 
from the wells Ghafeer-3H1, Minassa-1H1 and Shujairat-1H1. It should be noted, 
however, that variability is significant, even over short distances. For example, 
sample well depth (m) stringer pressure TOC (%)
S1
[mg/g rock]
S2
[mg/g rock]
S3
[mg/g rock]
PI 
(S1/(S1+S2)
HI (100 x 
S2/TOC)
OI (100 x 
S3/TOC)
Tmax?[°C]
O_03 Birba-5 3008.00 A4C OP 2.2 6.97 10.12 0.6 11.12 460 27 425
O_04 Dafaq-1H1 5117.82 A2C OP 0.6 1.75 0.94 0.3 1.94 157 50 425
O_05 Dafaq-1H1 5136.35 A2C OP 0.7 3.5 1.65 0.15 2.65 236 21 423
O_06 Dafaq-1H1 5137.82 A2C OP 0.8 5.52 1.84 0.36 2.84 230 45 416
O_07 Fayrouz-1H1 4501.32 A2C NP 1.1 3.56 3.82 0.23 4.82 347 21 438
O_09 Fayrouz-1H1 4478.89 A2C NP 0.7 8.19 0.48 0.24 1.48 69 34 428
O_10 Fayrouz-1H1 4219.54 A3C OP 17.8 5.42 3.09 0.16 4.09 17 1 429
O_11 Fayrouz-1H1 4221.56 A3C OP 8.4 2.98 1.59 0.23 2.59 19 3 434
O_13 Ghafeer-3 4598.82 A2C OP 1.1 5.51 3.96 0.2 4.96 360 18 433
O_14 Ghafeer-3 4608.46 A2C OP 0.6 5.06 4.22 0.43 0.55 703 72 437
O_34 Ghafeer-4 4440.61 A3E ? 0.5 1.48 0.9 0.01 1.90 180 2 426
O_67 Ghafeer-5 4266.00 A3C OP 5.1 7.45 12 0.25 13.00 235 5 444
O_31 Minassa-1 3399.83 A1C OP 0.5 2.95 3.41 0.26 4.41 682 52 430
O_32 Minassa-1 3429.98 A1C OP 0.5 16.9 12.92 0.35 27.98 2584* 70 433
O_32R Minassa-1 3429.98 A1C OP 0.5 0.07 3.2 n.d. n.d. 640 n.d. 437
O_63 Qashoob-1H1 5500.60 A2C OP 1.3 8.53 1.04 0.18 2.04 80 14 331
O_19 Sakhiya-1H1 4340.12 A3C OP 0.7 6.79 3.86 0.2 4.86 551 29 419
O_22 Shujairat-1H1 5037.56 A2C NP 0.5 5.15 2.73 0.22 3.73 546 44 421
O_23 Shujairat-1H1 5044.46 A2C NP 0.5 4 3.23 0.29 4.23 646 58 432
O_29 Zalzala-1 4990.53 A2C NP 2.2 24.07 2.33 0.29 3.33 106 13 437
O_38 Zalzala-1 4983.53 A2C NP 2.4 25.6 2.42 0.33 3.42 101 14 435
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different carbonate stringers from the same well can be characterized by vastly 
different HI values. 
 
Figure 9. The modified van Krevelen (1951) diagram shows a broad scatter of the organic 
content quality of the Ara carbonates, which corresponds mainly to a type-I to type-II 
material. A very low HI is characteristic of coke-bearing samples (Fayrouz-1H1, A3C) and 
the Qashoob-1H1 sample, whereas the highest HI values derive from Minassa-1H1 and 
Ghafeer-3H1. 
 
Reasons for these differences become evident if HI is plotted vs. solid bitumen 
reflectance (Fig. 10). With increasing reflectance, HI decreases, although there is 
some scatter for samples with low reflectance values. Because solid bitumen 
reflectance is considered to be a function of temperature and heating rate, samples 
with low HI values can be regarded as “overmature” and those with high HI values as 
“immature” or “marginally mature” bitumen. The latter has a significant residual 
hydrocarbon generation potential, although the characteristics of hydrocarbons 
generated, i.e. oil or gas, from solid reservoir bitumen are not yet well understood. HI 
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values appear quite high for some of the solid reservoir bitumen. However, it should 
be noted that most of the S2 peak measured to calculate HI is more similar to soluble 
bitumen than to kerogen (see below). Accordingly, “real” HI values would be even 
lower than those measured here and PI values would be higher. 
 
Figure 10. Plot of HI versus solid bitumen reflectance illustrates the loss of hydrogen content 
(HI) with increasing BRr in the Ara carbonate samples. 
 
In contrast to solid bitumen reflectance, another widely used maturation parameter, 
Tmax (see Table 2), has only a limited validity in this sample series, showing only a 
weak correlation with HI, BRr or depth. This is due to the fact, that some samples 
have two S2 peaks, one of them being released at low temperatures of about 350 °C. 
Geochemically, this material is probably more similar to bitumen (soluble organic 
matter) than the rest of the kerogen (insoluble organic matter). If it would be added to 
the S1 rather than S2 peak, much higher PI values would result (see table 2), which 
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would better represent the impregnated nature of the sequence. The unusual character 
of some S2 peaks is shown in Fig. 11. 
Furthermore, a test sample (O-32) was subjected to solvent extraction with 
dichloromethane and subsequently analyzed by Rock-Eval pyrolysis. As expected, the 
total S1 peak disappeared almost completely. In addition, the S2 peak was reduced to 
less than 25% of the original value, indicating that the S2 “kerogen” has to be 
regarded as “bitumen” in this case. 
 
Figure 11. Rock-Eval pyrograms reveal two S2 peaks of a) sample O-32 of well Minassa-
1H1 and b) sample O-19 of well Sakhiya-1H1. 
 
4.3.2 Solvent extracts and molecular data 
Eighteen samples were extracted and percentages of aliphatic hydrocarbons, aromatic 
hydrocarbons and NSO compounds were determined. Extract yields were generally 
high, ranging from about 0.5 up to greater than 6 wt.-% (TOC-normalized, Table 3). 
Highest values were established for samples O-07 of well Fayrouz-1H1 and O-06 of 
well Dafaq-1H1. Correlation of extract yields and BRr is poor, although most samples 
with high BRr are low in extract yield. The relative proportion of compound groups 
was plotted from the 18 samples extracted plus data from 11 samples provided by 
Petroleum Development Oman. Figure 12 shows that the data vary extensively, 
although many samples are characterized by a ratio of aliphatic over aromatic 
hydrocarbons of about 1.5.  
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Figure 12. Triangular plot shows results of component class fractions of selected Ara 
carbonate samples. The geochemical composition of all samples is highly variable. Note that 
only the low mature samples of well Birba-5H1 show a consistent aromatic signature. 
 
However, the relative contribution of NSO compounds ranges from close to 0 to 70%, 
indicating a highly variable geochemical composition. Very low NSO contributions 
were found in samples from stringer A2C of Fayrouz-1H1, and also in Dafaq-1H1. 
Highest NSO contributions were found in sample O-19 from well Sakhiya-1H1. 
Aromatic hydrocarbons seem to be enriched in the Birba-5H1 samples. 
 
Table 3. Summary of results yielded by solvent extraction. Corresponding maturity values 
(BRr) for samples shaded in bold are shown in table 1. Formulas for CPI values are CPI 1 = 
2*(C23+C25)/(C22+2*C24+C26)); CPI 3 = (2*(C27+C29)/(C26+2*C28+C30)) and CPI 6 = 
LHCPI=(C17+C18+C19)/(C27+C28+C29) (slightly modified after Bray & Evans, 1961). 
 
More information was derived from the study of aliphatic hydrocarbons by gas 
chromatography (GC). Three examples of GC-traces are shown in Fig. 13 and basic 
ratios are summarized in Table 3. All samples have in common that pristane/phytane 
ratios are low, varying between 0.36 and 0.65. These low values are usually explained 
WELLNAME Bib-5H1 Daf-1H1 Daf-1H1 Fay-1H1 Fay-1H1Ghaf-3H1 Ghaf-3H1 Ghaf-4H1Ghaf-5H1 Min-1H1 Min-1H1 Qash-1H1 Rab-3H1 Sakh-1H1 Shuj-1H1 Shuj-1H1Zaz-1H1 Zaz-1H1
SAMPLE O-03 O-06 O-05 O-07 O-10 O-13 O-14 O-16 O-67 O-31 O-32 O-63 O-54 O-19 O-22 O-23 O-29 O-38
Pristane / Phytane 0.54 0.55 0.42 0.44 0.4 0.57 0.52 0.44 0.56 0.52 0.36 0.59 0.49 0.44 0.65 0.63 0.57 0.55
Pristane / n-C17 0.29 0.42 0.88 0.55 0.31 0.32 0.4 0.49 0.31 0.3 0.33 0.26 0.52 0.41 0.77 0.81 0.39 0.66
Phytane / n-C18 0.68 0.86 1.38 1.04 0.77 0.68 0.8 1.08 0.67 0.84 1.01 0.5 0.8 0.95 1.03 1.12 0.76 0.97
Extraction Yield [%] 3.31 5.05 0.49 6.33 0.73 1.1 0.83 1.01 1.25 0.75 4.81 0.98 0.97 0.8 1.48 1.26 0.95 2.4
CPI 1 1.17 1.14 1.24 1.2 1.39 1.14 1.08 1.15 0.99 1.11 1.15 1.05 1.47 1.17 1.13 1.17 1.09 1.29
CPI 3 0.91 0.93 0.89 1.04 - 0.94 0.94 0.95 0.9 0.94 0.94 0.92 - 0.96 0.96 0.94 0.78 -
CPI 6 4.82 3.04 0.65 1.02 - 4.43 2.43 3.89 4.5 16.53 3.23 4.17 - 2.29 1.54 1.68 3.31 -
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to be characteristic for carbonate rather than clastic source rocks deposited in highly 
anoxic depositional conditions (Peters et al., 2005).  
 
Figure 13. Gas chromatograms of aliphatic hydrocarbons of three selected samples. a) Coke-
bearing sample O-10 (Fayrouz-1H1, A3C). b) Sample O-22, which contains two generations 
of solid reservoir bitumen (Shujairat-1H1, A2C). c) Low mature sample O-03 (Birba-5H1, 
A4C). 
 
Furthermore, CPI-3 values are usually lower than 1, which refer to the ratio of odd 
over even numbered n-alkanes for the range between C27 and C29 (Peters et al., 
2005).  Such low values can only be expected for material derived from source rocks, 
with no contribution from higher land plant waxes, which is consistent with the pre-
Devonian age of the investigated sequence. 
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Higher values were observed for the odd/even ratio for hydrocarbons in the range of 
C23 to C25, often varying between 1.1 and 1.2. These numbers are found as CPI-1 in 
Table 3. These elevated values suggest that in addition to algal material, some 
macrophytes living in the water may have contributed to the initial plant material of 
the source rock. In summary, the similarity with respect to CPI-1, CPI-3 and 
pristane/phytane values suggests that one common source rock generated the oil from 
which the solid reservoir bitumen derived. 
Furthermore, the gas chromatograms show a pattern of short-chain hydrocarbons 
clearly dominating over long-chain hydrocarbons. This is quantified by the high to 
very high CPI-6 values in the samples. Such values are usually regarded as being 
typical for oils derived from mature or highly mature source rocks (Peters et al., 
2005).  Lowest values characteristic of a somewhat lower maturity were found in 
samples from well Dafaq-1H1 (sample O-05) and well Fayrouz-1H1 (sample O-07) 
and coincide with moderate solid bitumen reflectance values of 0.93% and 0.80%, 
respectively.  
Finally, several samples show gas chromatograms with a significant hump below the 
peaks (Figs. 13a and 13b). This hump characterizes an unresolved mixture of 
hydrocarbons which represents a significant part of the extractable organic matter. 
High ratios of “hump area” over “peak area” were found for samples from stringer 
A3C of Fayrouz-1H1 (coke-like solid reservoir bitumen) and stringer A2C of 
Shujairat-1H1, whereas the hump is relatively small in Birba-5H1 samples (Fig. 13c).  
5 Interpretation and discussion 
In the following we discuss the origin and the formation mechanisms of solid 
reservoir bitumen in the Ara Group sediments by integration of organic geochemical 
analyses and microstructure-correlated maturity analyses. The results confirm that the 
formation of solid reservoir bitumen in the Ara Group cannot be simply explained by 
“normal” burial conditions. Furthermore, we present an improved calibration to 
calculate vitrinite reflectance from solid bitumen reflectance by the use of previously 
published data. 
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5.1 Origin of solid reservoir bitumen  
Geochemical analyses revealed that the solid reservoir bitumen of the Ara Group 
derives from a carbonate/evaporite source rock, most likely deposited in a highly 
anoxic environment (Table 3), in good agreement with data of Visser (1991) and 
Terken et al. (2001) who concluded that the “Huqf oil” mainly derives from the intra-
salt carbonate stringers and was already generated by the early Paleozoic.  
There is a wide range of different microstructures of solid reservoir bitumen observed 
in the Ara Group sediments, and few of these are indicative of their precursor 
material. According to Nandi et al. (1978), the partly observed flow-like texture of 
solid reservoir bitumen (Figs. 5g and 8a) may suggest that this material originates 
from deasphalted heavy oil. In the same sample (O-10), one of the most interesting 
microstructures is represented by the granular mosaic fabric of the coke-like solid 
reservoir bitumen (Fig. 5g), which has been only detected in stringer A3C of well 
Fayrouz-1H1. Barker & Bone (1995) concluded that this structure is a characteristic 
fabric, which forms during short-term high temperature (HT) events. They observed 
that the proportion of this texture within a carbonate host rock increases towards a 
basalt dike and that the (locally) cenospheric texture of the pyrobitumen is a result of 
a sudden and a very high temperature alteration which is related to the effects of 
contact metamorphism due to the intrusion of the basalt dikes (Buchan Rift, 
Australia). Similar observations were made on thermally metamorphosed coal from 
the South Sumatra Basin, Indonesia (Amijaya & Littke, 2006). 
In the following we adduce reasons which suggest that the contact-metamorphic 
scenario in the Buchan Rift may partly serve as an analogue for the processes leading 
to the formation of solid reservoir bitumen in the Ara carbonate stringer play of the 
SOSB. 
5.2 Solid reservoir bitumen as a maturity parameter 
The most significant parameter to reconstruct the thermal evolution of the carbonate 
stringer reservoirs is the BRr, which shows only a weak correlation with depth (Fig. 
7). HI and BRr values correlate very well (Fig. 10), which is regarded as additional 
evidence that BRr can be applied as a valid maturity indicator. The calibrations of 
Jacob (1989) and Landis & Castaño (1995) have shown a strong linear relationship 
between VRr and BRr, which allows the conversion of BRr to VRr by using equation 1 
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or 2 (see above). However, both calibrations differ from each other: The regression 
equation of Jacob (1989) only includes BRr values with a maximum of up to 2.7%. 
The BRr data of the Ara Group have their maximum at 5.8% (sample P-05) and the 
extrapolation of the values in between would result in much lower VRr as compared 
to values obtained from equation 2 of Landis & Castaño (1995). This is related to the 
fact that the linear trend of the relationship of Landis & Castaño (1995) increases 
much more with increasing maturity than that of Jacob (1989). For example, the 
difference of VRr of the coke-bearing sample P-05 (BRr = 5.8%) calculated by both 
equations is around 2.2%, whereby the difference of the low mature solid reservoir 
bitumen from Minassa-1H1 is only around 0.1% VRr. In order to approach the best-fit 
regression equation, we combined the datasets of Jacob (1989) and Landis & Castaño 
(1995) (Fig. 14). With these data points (n = 82) the correlation to calculate VRr from 
BRr is then  
VRr = BRr + 0.2443/1.0495         (3) 
which can be applied for maturity studies, if solid bitumen is present and vitrinite is 
lacking.  
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Figure 14. Correlation of BRr and VRr from a combined dataset of Jacob (1989) (grey 
circles) and Landis & Castaño (1995) (black circles). The histogram indicates a near Gaussian 
distribution for the residuals (observed data of variate pairs minus estimated value (trend line) 
on the y-axis). 
 
5.3 Paleo-temperature estimation 
The VRr data can in turn be used to estimate peak temperature (Tpeak) by a calibrated 
vitrinite reflectance geothermometer (VRG) of Barker & Pawlewicz (1994) to 
calculate Tpeak from VRr. The equations are:  
Tpeak hydrothermal = (ln(VRr) + 1.19)/0.00782      (4) 
Tpeak burial = (ln(VRr) + 1.68)/0.0124       (5) 
The purpose of using this VRG for our samples is to provide a clue towards maximum 
temperatures for the burial history of the Ara Group and to compare Tpeak from the 
VRG with the present day temperatures in the SOSB.  
It has been shown that homogenization temperatures (Th) of reequilibrated (stretched) 
aqueous fluid inclusions (mostly in calcite crystals) can be used to estimate Tpeak of 
sedimentary basins (Barker, 1990; Tobin & Claxton, 2000). In the study of Barker & 
Goldstein (1990), Th was compared to present-day temperatures (from wells that are 
interpreted to be at Tpeak) and to VRr of samples from over 30 geologic settings of 
“normal” burial and geothermal environments. They have demonstrated that Th 
strongly correlates with Tpeak and VRr in the range of 59-350 °C and 0.4-4.6%, 
respectively. For accurate prediction, Barker & Pawlewicz (1994) stated that the 
regression equations of the Th versus VRr plot and hence, Tpeak have to be developed 
for each geologic environment. Consequently, equations (4) and (5) are the result of a 
split of the dataset of Barker & Goldstein (1990) into hydrothermal and burial heating 
sub-sets. On the basis of the Barker & Goldstein (1990) dataset and its subdivision by 
Barker & Pawlewicz (1994), this seems to be very valid in case of our study, since 
there is quite some evidence that not normal burial but hydrothermal events affected 
the solid reservoir bitumen-impregnated carbonate stringers. By the use of equation 4 
the maximum paleo-temperature of the “coked” solid reservoir bitumen is in the range 
of 320-380 °C. Using instead the equation for “normal” deep burial heating by Barker 
& Pawlewicz (1994) would lead to lower maximum temperatures of 240-280 °C for 
the coke-like material. However, such temperatures are at least 140 °C higher than 
present-day temperatures (which are at ? 100 °C) and cannot explain the occurrence 
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of the low reflective solid reservoir bitumen in stringers nearby. Therefore, the latter 
approach is discarded. For our purposes, we used the correlation for Tpeak estimations 
due to hydrothermal metamorphism (equation 4), which is considered from the 
presence of the coke-like solid reservoir bitumen and from the following arguments. 
If the calculated paleo-temperatures for all samples are plotted versus depth, it 
becomes clear that most of the values are significantly higher than present-day 
(borehole) temperatures of the Ara Group (Fig. 15). The plot reveals a large scatter of 
Tpeak in the Ara Group (compare with Fig. 7), which is valid for the Tpeak distribution 
calculated from samples which derive from same depth intervals - and more 
significantly from several samples within a single stringer. This is shown by the data 
points (n = 9) from stringer A1C of well Minassa-1H1, which have a Tpeak range of 90 
°C within 22 metres of vertical distance. Similar heterogeneities were also observed 
for stringer A3C of well Shujairat-1H1, which shows a higher maturity than the more 
deeply buried stringer A2C.  
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Figure 15. Maximum paleo-temperature and present-day temperature versus along hole depth 
plot of the Ara Group samples shown in Figure 7. The paleo-temperature has been calculated 
using the equation for contact metamorphic alteration of solid bitumen of Barker & 
Pawlewicz (1994). Note that the two data points of well Fayrouz-1H1, stringer A3C (black 
squares) represent the second (lower reflective) solid reservoir bitumen generation shown in 
Figure 8. The same is valid for the low mature solid reservoir bitumen generation of 
Shujairat-1H1, A2C and Sakhiya-1H1, A3C. For the sake of a detailed view on the broad 
scatter of all data points, the values of the high reflective coke-like solid reservoir bitumen of 
Fayrouz-1H1 (A3C) are not included; see text for details. 
 
The different kerogen types and HI values, respectively, support this observation and 
indicate the overall high variability of the solid reservoir bitumen maturity in the Ara 
Group (Figs. 9 and 10). 
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5.4 Model of solid reservoir bitumen formation 
In our model we suggest that the conspicuous scatter of maturity (Tpeak, HI, Tmax) and 
geochemical composition with depth is the result of very local thermal alterations of 
the solid reservoir bitumen. This was most likely caused by the external entry of hot 
fluids into the carbonate stringers by a process illustrated in Fig. 16. Gas-rich and/or 
hydrothermal solutions must have penetrated the thick Ara Salt and the carbonate 
stringers via a regional hydrofracture system (Fig. 16a), which had evolved under 
very high fluid pressure conditions. Another possibility may be a very fast ascent of 
very large fluid batches (so-called “mobile” hydrofractures) from the pre-salt strata 
through the salt and the carbonate stringers as proposed by Bons (2001) for the 
formation of meter-wide quartz veins at Poolamacca Station, New South 
Wales/Australia. It can be speculated that the source of these (hydrothermal) fluids is 
located in the deeper pre-Ara salt strata, e.g. in the basement. 2-D and 3-D seismic 
surveys from the Ghaba Salt Basin (see Fig. 1 for location) have proven the presence 
of a deep-rooted basement-involved fault system, which is dipping very steeply and is 
in places around 10 km thick (Peters et al., 2003). This so-called Maradi strike-slip 
fault zone cuts from the basement at around 9 km depths across the whole Ghaba Salt 
Basin. Although the SOSB is thought to have experienced a slightly different tectonic 
history than the Ghaba Salt Basin (Loosveld et al., 1996), parts of it may have been 
affected by similar basement movements as the Ghaba Salt Basin to produce a deep-
rooted (hydro)fracture network in the Ara Group as proposed in Figure 16a. Although 
highly speculative and lacking evidence, a possible date of such an event may be 
related to the Maradi fault zone activity during Late Cretaceous times (Filbrandt et al., 
2006) or to Oligocene times as the Gulf of Aden rift developed along the south coast 
of Oman by the reactivation of northeast-southwest trending Pre-Cambrian faults 
along the eastern margin of the SOSB (Loosveld et al., 1996).  
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Figure 16.  Schematic model of HT/HP tectonism, which leads to the formation of solid 
reservoir bitumen in the Ara Group. a) Hydrothermal fluids enter the carbonate stringer 
reservoirs by far-reaching hydrofractures (black), which perhaps originate from deep pre-Ara 
strata of the SOSB. b) Schematic illustration of a carbonate stringer, showing that coke-like 
solid reservoir bitumen is formed close to a hydrofracture by thermal cracking and a 
deasphalting zone in more distance to the hydrofracture (HT source). The incoming fluids and 
gases increase the pore pressure in the stringer, which results in a pressure release and 
dilatancy zone in the Ara Salt, respectively. c) Schematic illustration showing salt/carbonate 
interface (see circle in a). When the fracture hits a stringer, the HT/HP fluids (in red) form 
fractures and a dike and sill system in the carbonate; black circle represents figure d) Detail 
view of dike and sill system at the grain-scale (see black circle in c). The influx of the 
hydrothermal fluids redistributes the oil in the fractures and displaces the oil in pores; black 
circle represents figure e) Detail view at the micron-scale. The hot fluids flow through the 
pore network of the carbonates, which leads to the precipitation of coke-like solid reservoir 
bitumen near the HT source by thermal cracking and to deasphalting of oil in distance to the 
hot fluids. The resulting microstructure is solid reservoir bitumen, occurring for example in 
pore throats as observed in figure 5b. 
 
Once a hydrothermal intrusion hits a stringer, the fluids (e.g. methane) expand 
through the pore network of the dolostones, whereby a local temperature and pressure 
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front develops inside the stringer. The associated heating event caused solid reservoir 
bitumen to precipitate from the resident oil by (1) thermal cracking along HT-
channels as interpreted for the formation of the coke-like solid reservoir bitumen and 
(2) by gas deasphalting more in distance to the HT source where the incoming gas 
cooled down (Fig. 16b). Evidence for a role of gas in solid reservoir bitumen 
precipitation is the presence of thermally very mature gas in some stringers. Isotope 
signature of this gas fits to an origin from deeper, thermally very mature sedimentary 
rocks (Taylor et al., 2007). The variable geochemical composition (NSO’s, 
asphaltenes and aromatics) of most samples (Fig. 12) supports a deasphalted signature 
of this solid reservoir bitumen (Rogers et al., 1974). The solvent extract data have 
shown (Table 3) that solid reservoir bitumen was most likely not formed out of 
biodegraded oil, as the pristane/nC17 ratio and the phytane/nC18 ratio are lower than 
1.0 (Peters et al., 2005). However, from our data, it cannot be excluded that “normal” 
burial heating, which entails thermal cracking of oil into gas and solid reservoir 
bitumen, has formed some of the solid reservoir bitumen. This may be shown by data 
points, which cluster around 150 °C at a depth of ? 4500 m such as Ghafeer-4H1 
(A3C and A2C), Fayrouz-1H1 (A2C) and Ma’mour-1H1 (A3C) (Fig. 15) but cannot 
explain the presence of coke-like pyrobitumen from Fayrouz-1H1 (A3C) and 
Qashoob-1H1 (A2C) (Fig. 15). Temperatures postulated for oil to gas cracking to 
occur are at around 150 to 190 °C (Horsfield et al., 1992; Dahl et al., 1999). 
The orientation of fractures in the salt is controlled by the in-situ state of stress, which 
was calculated by Schoenherr et al. (2007c). They have shown that the difference 
between the mean principle stresses ?1 and ?3 is very low in the salt (< 2 MPa). It can 
be assumed that the stress orientation is most likely not homogeneous throughout the 
diapir, which results in a very heterogeneous orientation of the hydrofractures (Fig. 
16a).  
Figure 16c shows how once the hydrothermal fluids reach a carbonate stringer, 
hydraulic intrusion fracturing may lead to the formation of a dike-sill system. This 
causes fractures to grow perpendicular and normal to the lamination of the carbonates, 
when the injected fluid overcomes the sum of the total normal stress and the tensile 
strength of the carbonate rock (Mandl, 2005). The resulting rock fabric of this process 
can be seen in Fig. 3b. 
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The envisaged HP/HT fluids may have redistributed the hydrocarbons within the 
stringer, whereby solid reservoir bitumen precipitated at pore throats, in pores and in 
microfractures (Figs. 16d-e, see Fig. 5f). However, our model does not exclude that 
the solid reservoir bitumen has been precipitated before the entry of the HT fluids into 
the Ara carbonates. The model presented in Fig. 16 does not necessarily require gas 
from external sources for oil deasphalting since the thermal cracking of oil leads not 
only to solid reservoir bitumen but also to gas generation. Anomalous heavy carbon 
isotope values for methane in carbonate stringer gases suggest a separate source of 
dry gas mixing with oil-associated gases in these reservoirs (Taylor et al., 2007).  
5.5 Overpressure formation mechanism 
Samples from the Greater Birba Area seem to indicate that there are no traces of 
hydrothermal alteration if samples are compared to those from the Harweel Area. This 
may be due to the fact that either the respective cored intervals are located a large 
distance away from a hydrothermal intrusion point or that the Birba stringers were 
simply not affected by the HT/HP event, which would be in good agreement with 
their near-hydrostatic state of pore pressure (Table 1). However, the salt which 
surrounds some of the Birba stringers is partially stained black by solid reservoir 
bitumen located at intracrystalline microcracks and grain boundaries (Fig. 5h) which 
indicates that these stringers must have been overpressured in the past. The following 
mechanism might be responsible for the pressure history in this area. 
The influx of focussed high temperature fluids must have caused significant local 
thermal anomalies in the Ara Group. This process inevitably increased the fluid 
volume within the carbonate stringers leading to a strong pore pressure pulse, which 
most likely contributed to their overpressures (Table 1). The overpressures were 
partly released by the migration of oil from the carbonate stringers into the 
surrounding Ara Salt as shown by Schoenherr et al. (2007b). During this process the 
oil must have moved preferentially into the grain boundary triple junction tubes of the 
salt by superseding the capillary entry pressure, resulting in diffusively dilated zones 
in the Ara Salt (Figs. 16a-b) as described from the Greater Birba Area. 
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5.6 Implications for hydrocarbon exploration 
One of the most challenging tasks for the hydrocarbon industry in this part of Oman is 
to map the spatial distribution of solid reservoir bitumen to better predict zones of 
decreased quality in the reservoirs. The distribution of solid bitumen in the Ara 
stringer reservoirs seems to be rather localized and not well predictable, although 
there is a tendency of higher solid reservoir bitumen content in deeper parts of a 
stringer (Fig. 4). So far, the occurrence of solid reservoir bitumen has not been studied 
with respect to its spatial distribution. Nevertheless, Figure 4 shows that solid 
reservoir bitumen occurs very heterogeneously over the whole length of stringer A1C 
of well Minassa-1H1. This may depend on (1) the availability of oil, (2) the 
orientation of (paleo-) oil-water-contact(s), (3) on facies and (4) on the porosity and 
permeability distribution, which is directly linked to diagenetic processes pre-dating 
solid reservoir bitumen formation in the Ara carbonates. However, it can be assumed 
that the occurrence of solid reservoir bitumen in the Ara carbonates follows the 
irregular and complex geometry of the hydrofractures and the associated dike- and 
sill-system in the Ara Group. In other words, solid reservoir bitumen occurs where 
external gas and associated heat entered the stringers. A similar scenario has been 
described by Lomando (1992) for the West Purt field of the U.S. Gulf Coast, where 
solid bitumen occurs only in the direct vicinity of a fault, which allowed the external 
entry of gas into the oil reservoir (gas deasphalting).  
6 Conclusions  
Organic geochemical analyses revealed that the solid reservoir bitumen in Ara 
carbonate reservoirs is derived from carbonate/evaporite source rocks. 
Microstructure-correlated maturity analysis in this study is based on a new calibration 
for calculating vitrinite reflectance using a combined dataset from the literature for 
rocks which do not contain vitrinite, such as those in the Infra-Cambrian Ara 
carbonates of the South Oman Salt Basin. The vitrinite reflectance values were used 
to calculate paleo-temperatures, which are significantly higher than present-day well 
temperatures. In most of the intra-salt Ara carbonate stringers, a very heterogeneous 
distribution of paleo-temperatures and HI values is observed. This is best explained 
by the close interrelation of the processes of thermal cracking and gas deasphalting 
within the stringer reservoirs. Coke-like solid reservoir bitumen was locally observed 
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and indicates maximum temperatures of 380 °C most likely originating from hot 
fluids, which were sourced from deeper pre-Ara Salt strata via a regional 
hydrofracture system. A lower mature phase of solid reservoir bitumen precipitated 
from the associated influx and expansion of gas into the oil pool (gas deasphalting) as 
temperatures re-equilibrated. By this process, the fluid volume of the affected 
stringers increased, which is considered to be a significant contribution to their strong 
overpressures.  
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Appendix 
 
Figure 1. Scan of carbonate plug showing black solid bitumen-outlined pores. Remnant pore 
space is cemented by halite. Long (vertical) side of image is 3 cm (Minassa-1H1, A1C). 
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Figure 2. Reflected light overview micrograph (under immersion oil) showing massive low 
reflective and coarse solid bitumen (red arrows), filling pore space. Image width is 1mm. 
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Figure 3. Reflected light overview micrograph (under immersion oil) of low to moderate 
reflective solid bitumen (red arrows), which appears as massive light grey phase, completely 
occluding porosity and permeability; note high quality of polishing. 
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Figure 4. Reflected light micrograph (under immersion oil) of low reflective solid bitumen, 
outlining a pore. White spots are pyrite (FeS2). This solid bitumen has not been measured for 
maturity as polishing is of bad quality in this case.  
 
Chapter 3: Solid bitumen 
 120
 
Figure 5. Reflected light overview micrograph (under immersion oil) of low reflective solid 
bitumen (red arrows), which incorporates pyrite (white spots). The solid bitumen in Minassa-
1H1 is characterized by a high amount of sulphur (see this chapter), which is probably 
associated with external entry of hydrothermal fluids (Minassa-1H1, A1C). 
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Chapter 4: Limits to the sealing capacity of rock salt: 
A case study of the Infra-Cambrian Ara Salt from the 
South Oman Salt Basin* 
 
Johannes Schoenherr, Janos L. Urai, Peter A. Kukla, Ralf Littke, Zsolt Schléder, Jean-
Michel Larroque, Mark J. Newall, Nadia Al-Abry, Hisham A. Al-Siyabi, Zuwena 
Rawahi 
 
Abstract 
In the South Oman Salt Basin (SOSB), diapirs of Infra-Cambrian Ara Salt enclose 
isolated, commonly overpressured carbonate reservoirs. Hydrocarbon-impregnated 
black rock salt shows that it has repeatedly lost and then regained its sealing capacity. 
The black staining is caused by intragranular microcracks and grain boundaries filled 
with solid bitumen formed by alteration of oil. The same samples show evidence for 
crystal plastic deformation and dynamic recrystallization. Subgrain size piezometry 
indicates a maximum differential paleo-stress of less than 2 MPa. Under such low 
shear stress, laboratory-calibrated dilatancy criteria indicate that oil can only enter the 
rock salt at near-zero effective stresses, where fluid pressures are very close to 
lithostatic. In our model, the oil pressure in the carbonate reservoirs increases until it 
is equal to the fluid pressure in the low but interconnected porosity of the Ara Salt 
plus the capillary entry pressure. When this condition is met, oil is expelled into the 
rock salt, which dilates and increases its permeability by many orders of magnitude. 
Sealing capacity is lost and fluid flow will continue until the fluid pressure drops 
below the minimum principal stress, at which point rock salt will re-seal to maintain 
the fluid pressure at lithostatic values. 
 
                                                
* Johannes Schoenherr, Janos L. Urai, Peter A. Kukla, Ralf Littke, Zsolt Schléder, Jean-
Michel Larroque, Mark J. Newall, Nadia Al-Abry, Hisham A. Al-Siyabi, Zuwena Rawahi, 
2007. AAPG Bulletin, Vol. 91, No. 11, pp. 1541-1557. 
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1 Introduction 
An essential element of a petroleum system in sedimentary basins is the presence of a 
seal. In the South Oman Salt Basin (SOSB), carbonate reservoirs (stringers) are fully 
enclosed in diapirs of Infra-Cambrian Ara Salt. This rock salt forms the top, side and 
bottom seal for major hydrocarbon accumulations. In core samples directly above and 
below some stringers, the rock salt is stained black by solid hydrocarbons (Mattes & 
Conway Morris, 1990), which suggests that oil once flowed from the reservoirs into 
the rock salt. 
Rock salt is known as the best seal for hydrocarbon accumulations, based on three key 
properties: First, the near isotropic stress state provides resistance to hydrofracturing. 
Thus, under most conditions rock salt will hydrofracture under a higher fluid pressure 
than shale does (Hildenbrand & Urai, 2003), because the minimum principal stress 
(?3) is higher. Second, in-situ permeability and porosity of rock salt are very low 
already at a burial depth of merely 70 m (Casas & Lowenstein, 1989). Third, plastic 
deformation of rock salt in nature is ductile and therefore non-dilatant e.g. (Ingram & 
Urai, 1999; Popp et al., 2001). This is reflected by Downey’s (1984) widely accepted 
ranking of seals: salt ? anhydrite ? kerogen-rich shale ? clay shale ? silty shales 
? carbonate mudstone ? chert. On the other hand, under suitable conditions all 
rocks can lose their sealing capacity. For engineering (short-term) applications, the 
criteria for leakage through rock salt have been defined experimentally (Urai, 1983; 
Fokker, 1995; Popp et al., 2001; Lux, 2005). However, the geological conditions for 
seal loss of rock salt are not well understood.  
Although the black rock salt samples from the SOSB have been noticed for at least 15 
years, a detailed analysis of this staining has not been done; as far as we are aware, 
this is the first field study of a leaky rock salt top seal. 
The scope of this article is to decipher the microstructural evolution of the 
hydrocarbon-impregnated rock salt in order to quantify the mechanisms by which 
rock salt in the deep subsurface is able to leak and re-seal, and to generalize these 
results to rock salt seals in petroleum systems.  
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1.1 Mechanical and transport properties of rock salt  
Experimental determination of the mechanical properties of rock salt and 
extrapolation of these data to conditions of slow geological deformation have 
provided a solid basis for understanding rock salt rheology (e.g. Wawersik & Zeuch, 
1986; Urai et al., 1986; Spiers et al., 1990; Carter et al., 1993; Peach et al., 2001). On 
the basis of these experiments, it is possible to differentiate deformation mechanisms 
in rock salt based on their characteristic microstructure (Urai et al., 1987; Peach & 
Spiers, 1996; Schléder & Urai, 2005: Ter Heege et al., 2005).  
Compared with other rock types, rock salt contains only trace amounts of H2O, but 
this dramatically enhances fluid-assisted grain boundary migration and pressure 
solution (Urai, 1983; Urai et al., 1986; Spiers et al., 1988; Peach et al., 2001; Schenk 
& Urai, 2004; Ter Heege et al., 2005). Schenk & Urai (2005) have shown how during 
grain-boundary migration, fluid inclusions interact with the moving grain boundary 
and that this process strongly affects rheological properties.  
In-situ permeability of undisturbed rock salt is ? 10-21 m2 (Bredehoeft, 1988; Peach & 
Spiers, 1996; Popp et al., 2001). This low permeability allows rock salt to seal large 
hydrocarbon columns and fluid pressure cells over geologic time. Two processes are 
known to increase permeability. The first is microcracking and associated dilation 
(Peach & Spiers, 1996; Popp et al., 2001), and the second is the formation of 
topologically connected brine-filled pores and triple-junction tubes in halite grain 
aggregates at a pressure and temperature corresponding to depths > 3 km (Lewis & 
Holness, 1996).  
1.2 Microcracking of rock salt 
In experimental studies on the evolution of permeability in rock salt (Urai, 1983; 
Peach & Spiers, 1996; Lux, 2005), confining pressure clearly affects the fluid 
transport properties of rock salt. Fluid-assisted dynamic recrystallization is inhibited 
at confining pressures ? 3 MPa at 150 °C due to microcracking and grain boundary 
disruption (Peach et al., 2001) and an associated increase in permeability up to six 
orders of magnitude.  
The dilatancy boundary in rock salt can be defined in the differential stress versus 
confining pressure space. This boundary separates a compaction domain from a 
dilatancy domain, where permeability begins (Peach et al., 2001; Popp et al., 2001). 
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Dilation of rock salt is well documented in the walls of underground openings in salt 
caverns, but it is rapidly suppressed a few meters from the gallery walls. Fokker et al., 
(1995) considered the long-term evolution of permeability in the roof of abandoned 
solution-mining caverns and showed that when fluid pressures in the cavern approach 
lithostatic levels due to creep convergence, the roof of the rock salt cavern undergoes 
diffuse dilation, allowing slow escape of the fluids. Creep convergence occurs, if the 
rock salt has an insufficient confinement (i.e. bonding strength and thus non-uniform 
internal stresses) such as the walls of underground cavities, resulting in dilation by 
microcracking or fracturing, possibly affecting the integrity of a salt mine. 
In triaxial deformation experiments of Lux (2005), rock salt became permeable by the 
formation of grain boundary cracks at low rates of fluid-pressure increase. If the fluid-
pressure (Pf) is increased rapidly to a sufficiently high excess pressure (Pf  > ?3), rock 
salt leaks by hydrofracturing. 
Peach & Spiers (1996) proposed that this process could also occur under low effective 
stress during natural deformation of rock salt at great depth and high pore-fluid 
pressures. 
1.3 Pore-fluid connectivity in rock salt 
A different process, which produces permeability of halite by reequilibration, was 
proposed by Lewis & Holness (1996), who measured the equilibrium water-halite 
dihedral angles at grain boundary triple junctions in experiments. If the dihedral angle 
is higher than 60º, small amounts of pore fluids in the halite are distributed in 
micrometer-sized isolated fluid inclusions, and the permeability is zero. At 
temperatures and pressures corresponding to a depth of ? 3 km in a ‘normal’ 
geothermal gradient, the dihedral angle decreases to 60º, leading to a redistribution of 
the pore fluid into a thermodynamically stable three-dimensional network of 
connected, fluid-filled channels at grain boundary triple junctions (Figure 1). 
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Figure 1. Plot shows that the equilibrium halite-water dihedral angle (?) is a function of 
pressure-temperature (p-t). In the white area, ? is < 60° resulting in the formation of pore-
fluid connectivity in the static halite-water system. Light gray area defines approximate p-t 
region in which permeability of halite may be significant. Dark gray area (? is > 60°) 
represents region in which permeability of halite will be due to nonequilibrium 
(deformational-controlled) processes. Dashed line indicates geotherm for sedimentary basins 
(slightly modified after Lewis & Holness, 1996). 
 
At sufficiently high porosity, Lewis & Holness (1996) inferred a marked increase in 
permeability to a value of around 10-16 m2 (compared with 10-21 m2 after Bredehoeft, 
1988; Peach & Spiers, 1996; Popp et al., 2001). They proposed that rock salt at depths 
> 3 km has an interconnected porosity, permitting the passage of brine. If halite 
contains several percent of brine in connected triple-junction tubes, and this brine is at 
pressures less than lithostatic, halite should compact and expel some of the brine, 
thereby decreasing its permeability. This will lead to an interconnected, brine-filled 
porosity along the triple junction tubes with a near-lithostatic fluid pressure. Using a 
modified Carman-Kozeny equation of Guéguen & Dienes (1989), halite aggregates 
under the conditions mentioned above with an average grain size of 5 mm and triple-
junction tubes with a radius of 0.05 µm, can have a porosity of 0.01% and a 
permeability of ? 3 x 10-20 m2.   
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2 Geological setting 
2.1 Tectono-stratigraphic evolution of the South Oman Salt 
Basin 
In the deep subsurface of interior Oman, three sedimentary basins developed in 
Neoproterozoic to Early Cambrian times on crystalline basement with radiometric 
ages between 870 to 740 Ma (Hughes Clarke, 1988). The basement is overlain by the 
Huqf Supergroup, which comprises volcanic and siliciclastic rocks (the Early Vendian 
Abu Mahara Group), carbonates with intercalations of sandstone (the Late Vendian 
Nafun Group) and a carbonate to evaporite sequence (the Infra-Cambrian Ara Group) 
(Gorin et al., 1982; Amthor et al., 2003; Figure 2). 
 
Figure 2. Schematic map of the salt basins of interior Oman (stippled outlines). Rock salt 
samples studied come from the Greater Birba and the Greater Harweel Area in the South 
Oman Salt Basin (modified after Qobi et al., 2001). The cross section A-B illustrates Ara Salt 
diapirs and enclosed Ara carbonate stringer reservoirs. The Infra-Cambrian Ara Group is 
overlain by thick continental clastics of the Haima Supergroup, which formed pronounced 
“pods” leading to diapirism (modified after Peters et al., 2003). Note that the legend in the 
cross section also defines the patterns in the chronostratigraphy. 
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The Ara Group consists of marine platform sediments, representing at least six third-
order cycles of carbonate-evaporite sedimentation, of up to 4 km thickness (Mattes & 
Conway Morris, 1990). Each cycle is characterized by sedimentation of up to 1000 m 
Ara Salt at very shallow water depths, followed by the deposition of 20 to 250 m thick 
isolated carbonate platforms (the so-called “stringers”) during transgressive periods 
(Mattes & Conway Morris, 1990; Amthor et al., 2005; Schröder et al., 2005).  
These cycles are called A0 to A6 from bottom to top, whereby cycle A2 comprises 
carbonate stringer A2C and the associated evaporite interval A2E (Al-Siyabi, 2005). 
Intercalated sulphates can be a few metres to 20 m thick and form floor and/or roof 
anhydrite. The Huqf Supergroup (Figure 2) is overlain by thick continental clastics of 
the Haima Supergroup (Cambrium to Ordovician). Earliest halokinesis of the Ara Salt 
was most likely triggered by differential loading during the continental deposition of 
the Haima siliciclastics onto the mobile Ara Salt, leading to passive diapirism during 
Cambro-Ordovician times (Heward, 1990; Loosveld et al., 1996).  
Most of the carbonate stringers contain fluids at very high overpressures as shown by 
RFT (Repeat Formation Tester) data (Mattes & Conway Morris, 1990; Al-Siyabi, 
2005). Data on in-situ stress in the carbonate stringers were obtained by LOP (Leak-
Off Pressure) delineating a minimum principal stress (?3) envelope with a gradient of 
22 kPa/m (Figure 3). 
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Figure 3. Selected formation pressures of the Ara carbonates (circles) versus depth from the 
Greater Harweel and Greater Birba Area. The plot shows two different pressure populations: 
one at near hydrostatic pressures with a mean pore-pressure coefficient ? = 0.49 (black 
circles, e.g. A4C of well Birba North-1H1) and one at near-lithostatic pressures with a mean 
pore-pressure coefficient ? = 0.87 (grey circles, e.g. A1C of well Minassa-1H1). Black 
triangles are Leak-Off Test data and z is depth in meters. The thick black band represents the 
range of differential stress difference (?1 – ?3) in rock salt as derived from integrated density 
logs and subgrain size piezometry. 
 
The carbonate stringers have undergone intense diagenetic modifications with locally 
extensive cementation by halite and solid bitumen (e.g. stringer A1C of well Minassa-
1H1; Al-Siyabi, 2005). The stringers have been interpreted to be a self-charging 
system with first oil charge from mature Type I/II source rocks (Peters et al., 2003) 
during the early Cambrian to Ordovician at maximum burial temperatures after 
deposition of the Haima Supergroup (Visser, 1991; Terken et al., 2001). In addition, 
geochemical studies suggest external (pre-Ara) oil and gas charge (Al-Siyabi, 2005). 
The present-day temperature profile of the SOSB corresponds to a geothermal 
gradient of 18 - 20 °C/km, with temperatures between 90 and 110 °C in the depth 
range of 3500 to 4500 m sampled for this study. 
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2.2 Sampled core intervals 
Samples were taken from cores in the Greater Birba and the Greater Harweel Area, 
which are approximately 100 km apart (Figure 2). Six samples from four wells have 
been investigated for this study from both carbonate stringer and Ara Salt intervals 
(Table 1, Figure 4).  
Sample Well Depth (m) Lithostratigraphy Solid 
bitumen 
Formation 
pressures 
- Birba North-1H1 3662.20 Top A5C  unknown 
- Birba North-1H1 3670.00 Base A5C  unknown 
B09 Birba North-1H1 3674.00 Ara Salt ic, mc and 
gb 
unknown 
B10 Birba North-1H1 3675.20 Ara Salt ic, mc and 
gb 
unknown 
B11 Birba North-1H1 3676.95 Ara Salt ic and gb unknown 
- Birba North-1H1 3680.00 Top A4C  NP 
- Minassa-1H1 3375.00 Top A1C  OP 
B16 Minassa-1H1 3412.35 A1C halite vein ic OP 
- Minassa-1H1 3445.00 Base A1C  OP 
- Reef-1H1 3540.00 Top A2C  OP 
B57 Reef-1H1 3560.65 A2C halite vein oil at mc OP 
- Reef-1H1 3600.00 Base A2C  OP 
- Sarmad-2H1 ? Top Ara Salt  OP 
B02 Sarmad-2H1 4148.00 Ara Salt none unknown 
- Sarmad-2H1 ? Base Ara Salt  unknown 
Table 1. Overview of sample attributes with indicated top and base of the stratigraphic 
intervals. Abbreviations describe the occurrence of solid bitumen in the samples studied: ic = 
intracrystalline, mc = microcracks and gb = grain boundary; OP = overpressured, NP = 
normally pressured. 
  
From the Birba North-1H1 well three samples (B9, B10 and B11) were studied from a 
10-m-thick heavily hydrocarbon-stained Ara Salt interval between stringer A5C and 
stringer A4C (Figure 4a), which is at near-hydrostatic fluid pressures at present 
(Figure 3).  
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Figure 4. Salt cores studied derive from between the Ara carbonate stringers, which are 
labelled A1C to A6C from bottom to top. a) Ara Salt cores of well Birba North-1H1 are from 
between stringers A4C and A5C; length of core is 1.5 m and width is 8 cm. This salt interval 
is almost completely stained black over a distance of ? 10 m; sample locations are indicated 
by black dots (B9, B11 and B10) and white circle represents location of salt plug sampling, 
which probably is parallel to the XZ principal plane of strain ellipsoid. b) Sample B57 is from 
a halite-plugged zone in stringer A2C of well Reef-1H1. Dark inclusions are solid bitumen 
plugged carbonate fragments, derived from the host rock at lower right. Short axis of core 
photo is 5 cm. c) Isolated black droplets in coarse-grained rock salt of sample B16 from well 
Minassa-1H1. Short axis of core photo is 3 cm. 
 
Wells Reef-1H1, Minassa-1H1 and Sarmad-2H1 are located in the Greater Harweel 
Area. Sample B57 (Reef-1H1) is from a “damage zone”, a 6-m-thick interval showing 
halite-plugged pores and fractures in stringer A2C (Figure 4b), which is probably 
overpressured. Another sample comes from a rock salt vein (B16) in stringer A1C of 
well Minassa-1H1 (Figure 4c), which is overpressured (Figure 3). Sample B2 derives 
from a clear Ara Salt interval of well Sarmad-2H1.  
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3 Methodology 
Circular rock salt plugs with a diameter of ? 3 cm were taken perpendicular to the 
core axis and the long axis of the grain-shape preferred orientation, respectively 
(Figure 4a). Slabs with a thickness of 1.5 cm were cut from the rock salt plugs using a 
diamond saw with small amounts of water to avoid microcracking (Schléder & Urai, 
2005).  
Samples were gamma-irradiated for three months at 100 ºC with a dose rate between 
4 kGy/h and 6 kGy/h to a total dose of about 4 MGy at the research reactor of the 
research centre Jülich, Germany, to highlight otherwise invisible microstructures. The 
colour intensity observed in most rock salt samples is heterogeneous, reflecting an 
irregular distribution of solid-solution impurities and crystal defects within halite 
grains (van Opbroek & den Hartog, 1985; Schléder & Urai, 2005).  
From unirradiated and irradiated samples, thin sections were prepared using the 
method described by Urai et al. (1987) and Schléder & Urai (2005). The slabs were 
polished dry on grinding paper, etched with distilled water for 2 seconds and quickly 
dried with a tissue followed by drying in a stream of hot air. This etching technique 
removes scratches and provides a micro-relief on the surface of the slabs, improving 
the stability of mounting. The slabs were mounted on glass plates at room temperature 
using epoxy (Körapox 439) and cut with small amounts of water into thick sections of 
~ 4 mm. After drying, the thick sections were ground down to a thickness of ~ 1 mm 
with grinding paper (dry) and finally etched in a slightly undersaturated NaCl solution 
(~ 6 molar) for 10 seconds, with the etchant flushed from the thin section surface by a 
powerful jet of n-Hexane followed by drying in a stream of hot air.  
For study of grain boundary morphology in 3D, we used the procedure of Urai et al. 
(1987). Slabs of 10 x 10 x 5 mm were cut out of a hydrocarbon-rich area within the 
sample, which was then carefully broken along the slab surfaces and coated with gold 
to differentiate carbon-rich phases during EDX measurement in a Zeiss DSM-962 
scanning electron microscope (SEM). 
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4 Results 
4.1 Grain fabrics and grain boundary geometry  
4.1.1 Grain fabrics 
Grain fabrics in most rock salt samples are characterized by grains of 2 to 8 mm in 
diameter with ? 0.1 mm-sized polygonal subgrains and lobate grain boundaries 
intersecting at “T”-shaped triple junctions (Figure 5). A strong shape-preferred 
orientation is present in sample B9 and B10 with strong aspect ratios up to 3. The 
black rock salt sample B9 shows grains with cloudy dark cores surrounded by clearer 
rims towards brownish grain boundaries (Figure 5a). In contrast, sample B10 shows 
clear grains but also dark grain boundaries (Figure 5b). 
Rock salt samples B11 and B16 are coarse grained with grain diameters of 5 to 30 
mm and gently curved grain boundaries intersecting at 120° triple junctions (Figure 
5c and 5d). Like sample B11, sample B16 is clear overall, with some grains 
containing cubic, 80 to 300 µm-sized solid bitumen inclusions (Figure 5d). 
 
Figure 5. Transmitted light micrographs of Ara Salt grain fabrics. a) Flattened grains in 
sample B9 define a strong shape-preferred orientation. Most grains show a dark core full of 
solid bitumen inclusions and a clear rim. The grain boundaries are filled with solid bitumen. 
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b) Solid bitumen-impregnated grain boundaries and clear grain cores in gamma-irradiated 
sample B10. Note solid bitumen-stained intracrystalline microcrack (upper left). c) Well-
developed subgrains (white polygons) in coarse-grained sample B11 (gamma-irradiated). 
Substructure-free grains and heavily substructured crystals (upper right) are separated by 
lobate grain boundaries. d) Clear coarse-grained rock salt with straight grain boundaries, 
intersecting at 120° triple junctions. Note the cube-shaped black inclusions of solid bitumen 
(sample B16). 
 
4.1.2 Grain boundary-related structures 
Grain boundaries in halite commonly contain arrays of fluid inclusions (Roedder, 
1984; Urai et al., 1987). In the dark halite, grain boundaries contain a brownish, solid 
film up to 0.1 mm thick, with holes mimicking the fluid-inclusion pattern (Figure 6a). 
The brownish solid is a bright reflective, carbon-rich phase: solid bitumen (Figure 6a 
and 6b). In the dark halite, all grain boundaries contain a continuous layer of solid 
bitumen, which in turn is locally fractured (Figure 6c). Dissolution of sample B9 yield 
a residue of 1.2 wt-% solid bitumen, with a mean random solid bitumen reflectance 
(BRr) of 0.35%, indicating a paleo-temperature of ? 95 °C (Barker & Pawlewicz, 
1994). An interesting microstructure is formed in sample B9 by arrays of solid 
bitumen particles parallel to the grain boundary with a long axis between 10 to 100 
µm and a droplet-like shape with tapering terminations towards a fluid inclusion-rich 
grain boundary (Figure 6d).  
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Figure 6. Grain boundary microstructures of Ara Salt. a) Transmitted light micrograph of 
gamma-irradiated sample B11 shows gently curved grain boundaries, filled with solid 
bitumen. Detailed view of triple junction in reflected light shows bright reflective solid 
bitumen. b) Continuous layer of solid bitumen (confirmed by EDX analysis) in grain 
boundaries (white arrow). SEM image of a broken piece of sample B11. c) Steeply dipping 
grain boundaries (to three sides) covered by brownish solid bitumen. Note dark fissures in 
solid bitumen (transmitted light micrograph of sample B9). d) Micrograph of a steeply 
dipping fluid inclusion-rich grain boundary in the upper part. In the lower part, droplet-
shaped particles of solid bitumen are aligned parallel to the grain boundary (transmitted light; 
sample B9).  
 
4.2 Intragranular fluid-inclusions  
Transmitted light microscopy of sample B2, which does not contain solid bitumen, 
shows abundant intracrystalline fluid inclusions in some subgrain-rich grains (Figure 
7). The fluid inclusions are concentrated in bands, which alternate with fluid-inclusion 
poor to clear bands, respectively. These grains are anhedral in shape and are separated 
from clear halite grains by lobate grain boundaries containing networks of brine-filled 
tubes and isolated fluid bubbles. 
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Figure 7. Transmitted light micrograph of Ara Salt sample B2 from well Sarmad-2H1. The 
large halite crystal contains numerous bands with µm-sized fluid inclusions, which alternate 
with thin fluid inclusion-free bands (from left to centre). This grain is separated from a clear 
grain to the right by a curved-shaped grain boundary, which contains fluid-filled tubes and 
isolated fluid bubbles. 
 
4.3 Hydrocarbon-impregnated microcracks  
In addition to solid bitumen in grain boundaries, most dark rock salt samples contain 
intragranular microcracks filled with solid bitumen (Figure 8a). In places, partly 
healed microcracks are outlined by cube-shaped brown oil and brine inclusions, 
which are 10 to 50 µm in size (Figure 8d, sample B57). These inclusions are located 
between gas-filled tubes and in places contain a gas bubble (see detail of Figure 8b). 
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Figure 8. Transmitted light micrographs of hydrocarbon-impregnated microcracks in the Ara 
salt. a) Micrograph shows NW-SE oriented crystal with grain boundaries and a planar 
microcrack (in centre) completely covered by solid bitumen (sample B9). b) Oil inclusions 
form a healed crack, which terminates at the grain boundary to the right. A detailed view of 
the healed crack shows oil inclusions with transparent brownish colour and gas bubbles 
(centre) (sample B57). 
   
4.4 Subgrain size piezometry 
In all samples, the halite crystals contain well-developed 40 to 300 µm-sized 
subgrains (Figure 9a). Using the experimentally calibrated relationship between 
differential stress (?1 – ?3 in MPa) and subgrain size (D in µm) from the combined 
dataset of Carter et al. (1993) and Franssen (1993),  
D = 107 (?1 – ?3)-0.87,        (1) 
we estimated ?1 – ?3 in four samples (Table 2) following the method of Schléder & 
Urai (2005). Boundaries of the polygonal subgrains were interpreted in micrographs 
taken in reflected light. Then, the equivalent circular diameter (ECD) of the digitized 
outlines was analyzed using the “ImageJ” software of Abramoff et al. (2004) (Figure 
9b) and by taking D = ECD, we calculated ?1 – ?3. The results are shown in Table 2. 
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Figure 9. Measurement of subgrain size for paleo-piezometry (sample B9). a) Manual 
outlining of subgrain boundaries from reflected light micrographs. b) The subgrain area (µm2) 
and the equivalent circular diameter (ECD) are calculated from the digitized outlines 
(histogram). The mean ECD was used for paleo-piezometry. 
 
Sample 
No. of analyzed 
subgrains 
Mean subgrain 
diameter (µm) 
Stdev 
Calculated mean 
differential stress in 
MPa (95% confidence) 
B09 229 100 77.58 1.94 
B10 304 106 75.18 1.85 
B11 202 141 116.45 1.44 
B57 86 124 67.74 1.61 
Table 2. Maximum past differential stress of Ara Salt samples calculated from subgrain size.
   
5 Interpretation and discussion 
Based on the observations presented, we discuss a model for the micro-scale 
processes by which oil entered the Ara Salt (stage 1), followed by re-sealing of the 
rock salt (stage 2). Subsequently, the oil was converted into solid bitumen, which 
deformed with the deforming salt (stage 3). Renewed dilation led to a second phase of 
oil flow into the rock salt (stage 4).  
5.1 Initial situation  
Before oil impregnation the Ara Salt acted as a perfect seal for the hydrocarbons. 
Deep burial of the stringers generated oil during Ordovician times (Visser, 1991; 
Terken et al., 2001). Initially, the oil pressure (Poil) in the stringer reservoirs was 
lower or equal to the fluid pressure in the rock salt, which has an interconnected 
network of brine-filled triple-junction tubes with a pore fluid pressure Pb (pressure of 
brine) close to the minimum principal stress (?3) (Lewis & Holness, 1996). Under 
these conditions rock salt was a perfect seal. 
The partially recrystallized (anhedral) fluid inclusion-rich crystals observed (sample 
B2, Figure 7) are interpreted as syn-depositional (Benison & Goldstein, 1999; 
Schléder & Urai, 2005). These primary fluid inclusions were added to the pore fluid 
during grain boundary migration (Drury & Urai, 1990). During this process, the 
intracrystalline fluid inclusions accumulated at the (migrating) grain boundaries and 
triple junction tubes into continuous fluid films and worm-like tubes, respectively 
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(Figures 6d and 7) (Urai et al., 1987). In addition, the rock salt samples shows 
abundant subgrains (Figure 5c and 9) indicating a maximum past differential stress 
(?1 - ?3) of < 2 MPa (Table 2), which agrees well with a worldwide dataset of rock 
salt stresses (Carter et al., 1993; Franssen, 1993). This means that the overburden 
stress (?v) is very close to ?3. 
5.2 Stage 1: Diffuse dilation of the Ara Salt 
The microstructure of the hydrocarbon-impregnated Ara Salt shows clear evidence for 
dilation by diffuse grain boundary microcracking and intragranular microcracking as 
opposed to hydrofracturing (Lux, 2005). The phase impregnating the rock salt must 
have been oil, which is inferred from investigations of Jacob (1989), who 
demonstrated that solid bitumen with a reflectance between 0.3 - 0.7% (Grahamite), 
such as the extracted solid bitumen from sample B9 with a value of 0.35%, starts to 
flow at a temperature of above 160 °C. In our model, the sampled rock salt interval of 
Birba North-1H1 did not undergo this temperature after solid bitumen was formed. 
The experimentally derived dilatancy criterion by Popp et al. (2001) indicates that at a 
differential stress of < 2 MPa, rock salt can dilate only at near-zero effective stresses 
(Figure 10), where fluid pressure in the rock salt is very close to ?3. 
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Figure 10. Effective stress versus differential stress diagram for rock salt (modified after 
Popp et al., 2001). The inset at lower right (having the same units) shows the dilatancy 
boundary, which separates domains where microcracking is suppressed (compaction domain) 
from those where rock salt dilates. The hatched area matches the main figure. If the 
differential stress values obtained by subgrain size piezometry are combined with the 
dilatancy criteria of the Ara Salt, the effective stress in the Ara Salt is inferred to < 1MPa 
(arrows lower left). 
 
When the oil pressure is equal to the brine pressure in the rock salt, the capillary 
pressure still has to be overcome to allow entry of oil through the reservoir-seal 
interface into the pores of the halite crystals (Figures 11a-b).  
The capillary pressure (Pc) across an oil/brine meniscus in the pore throats of the 
halite crystals can be calculated using the equation of Washburn (1921): 
Pc = (2? x cos?)/r         (2) 
where Pc is the capillary pressure (pressure difference across the oil-brine interface; 
MPa), ? is surface tension (0.025 N/m after Hocott, 1938), r is the pore throat radius 
and ? is the wetting angle (0°, assuming the rock salt to be perfectly water-wet). The 
capillary entry pressure condition, at which the oil displaces the brine in the halite 
triple junction tubes, is then described by  
Pb ? ?3 and Poil ? ?3 + Pc        (3) 
The sealing capacity of rock salt is exceeded as soon as this condition is met. 
Assuming a pore throat radius of 0.05 µm (Schenk & Urai, 2004; Schenk et al., 
Chapter 4: Sealing capacity of rock salt 
 140
2006), the value of capillary pressure (Pc) becomes 0.1 MPa. At this pressure, oil will 
displace the brine in the triple junction tubes and in the worm-like grain boundary 
inclusions, which in turn dilates the halite grain boundaries, leading to diffuse dilation 
of the halite grain fabric (Figure 11c).  
 
Figure 11. Cartoon of the mechanism of diffuse dilatancy of the Ara Salt. a) Diagram of 
Lewis & Holness (1996) shown in Figure 1. The basic assumption of our model is that the 
Ara Salt had a connected pore fluid topology at the time of leakage. This is based on paleo-
temperature calculations (? 95 °C) and pressure data, e.g. of Minassa-1H1 (? 65 MPa). These 
data (black dot) plot in the light gray area, in which permeability in halite is already 
significant (? is ? 60°). b) Detailed view into frame of schematic cross section in Figure (a) 
shows the interface of stringer reservoir and Ara Salt. Halite has an interconnected but low 
porosity represented by the triangular space between the grains (cut perpendicular to the triple 
junction tubes). The black dot in the schematic pressure versus time diagram indicates that the 
oil pressure (Poil) is equal to ?3 in the Ara Salt. c) Due to overpressure build-up, Poil in the 
stringer exceeds the minimum principal stress (?3) of the salt by the capillary entry pressure 
(Pc), allowing the entry of oil into the triple junction tubes of the salt, leading to a diffuse 
dilation of the Ara Salt by grain boundary opening and intragranular microcracking. 
 
Dilation of rock salt after the initial influx of oil results in a major increase in 
permeability by grain boundary opening. At this point, Terzaghi’s law (1923) applies 
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to the rock salt and the effective stress, which is ?`= ?v - Pb,?? becomes very close to 
zero. Based on the results of Lux (2005), we infer that the oil pressure did not rise to 
significantly higher values because this would have generated discrete hydrofractures 
instead of diffuse dilation. 
5.3 Stage 2: Re-sealing of the Ara Salt 
The microstructures show that the Ara Salt compacted and (dynamically) 
recrystallized after oil impregnation. The micro-scale deformation mechanisms 
(dislocation creep and fluid-assisted grain-boundary-migration recrystallization) 
continued after the oil pressure in the stringers dropped to values equal to ?3 in the 
rock salt (initial situation). It has been shown experimentally that oil-filled halite grain 
boundaries are not mobile (Urai, 1983). Movement of oil with the grain boundary 
implies that these were filled with a two-phase fluid, oil and brine (Figure 12b). 
Under suitable conditions of fluid film structure and grain-boundary driving force 
(Urai et al., 1986; Schenk & Urai, 2005), the migrating grain-boundary can leave 
behind oil inclusions in the growing crystal (Figure 12c). As grain boundary 
migration stops owing to the lack of the driving force, the oil inclusions in the grain 
boundary are rearranged into cigar-shaped inclusions or tubes together with the grain 
boundary brine (Figure 12d). This explains how the hydrocarbons, which entered the 
rock salt along dilatant grain boundaries and intragranular microcracks, are now 
found both in the grain boundary network and in the recrystallized halite as “ghost 
grain boundaries” (Figure 6d).  
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Figure 12. A schematic image sequence shows the possible evolution of the observed 
microstructures as oil is redistributed during dynamic recrystallization of halite. a) Oil films 
flow along the grain boundaries of halite owing to microcracking. This process causes a 
diffuse dilation in the salt as shown in Figure 11c. Gray frame represents Figure 11b. b) The 
oil- and brine-filled grain boundary starts to migrate due to grain boundary migration 
recrystallization into the dislocation-rich grain (indicated by arrows). c) Illustration shows 
next stage of the evolution of oil in grain-boundary in detail. The oil is left behind a migrating 
brine-filled grain boundary, whereby it gets dragged and left behind due to the force of the 
migrating grain boundary. d) “3-D view” at a grain boundary (shaded in gray), which dips to 
the top of the image (stippled line is lower termination of grain boundary). White bubbles 
represent brine inclusions, which contracted in the grain boundary into spherical-shaped 
inclusions as grain boundary migration recrystallization stopped. The oil left behind the grain 
boundary was transformed into solid bitumen, which forms a “ghost-grain boundary” parallel 
to the fluid inclusion-rich grain boundary as shown in Figure 6d. 
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5.4 Stage 3: Conversion of oil into solid bitumen  
After the oil was redistributed in the Ara Salt as discussed above, it was converted 
into solid bitumen. The processes leading to the conversion of oil into solid bitumen 
in the Ara Group are described in detail by Schoenherr et al. (2007a). Solid bitumen 
reflectance (BRr) measurements on sample B9 indicate a paleo-temperature of 95 °C 
(Barker & Pawlewicz, 1994). The out-of equilibrium shapes of solid bitumen 
inclusions (Figure 6d) may be due to the lack of brine in some left-over oil inclusions 
in the growing grain (Schenk & Urai, 2005). Otherwise the inclusions would be cubic 
as observed in sample B16 (Figure 5d). The oil inclusions were converted in-situ into 
solid bitumen, a process that releases gas. However, the solid bitumen inclusions do 
not show any gas inclusions or gas-filled space (e.g. Figures 5d and 6d) so further 
research is required to determine the fate of the gas. 
Fractured solid bitumen in halite grain boundaries (Figure 6c) indicates continued 
deformation of the Ara Salt after solid bitumen formed. This stage of salt deformation 
was less intense and ceased directly after conversion; otherwise this solid bitumen 
would be more intensively deformed as shown in Figure 12d. 
5.5 Stage 4: Renewed dilation of Ara Salt  
A second dilation stage of the Ara Salt is indicated in sample B57 (Figure 4b). 
Whereas the first oil was converted to solid bitumen, oil still exists as fluid inclusions 
in healed cracks of the halite crystals (Figure 8b). This indicates that these oil 
inclusions entered the Ara Salt after conversion of the first oil to solid bitumen in the 
carbonate matrix. Thus, we interpret that these rock salt samples underwent a second 
phase of dilation, otherwise the oil inclusions would have been converted to solid 
bitumen as observed in sample B16 (Figure 5d). Assuming that oil was converted into 
solid bitumen more or less at the same time within the Ara Group, the Ara Salt must 
have dilated in multiple stages, when the fluid pressure increased again to trigger 
renewed dilation of the rock salt. At this stage it is important to keep in mind that 
after the condition for oil entry (equation 3) is met and rock salt starts to leak, the seal 
will close up at the point when the oil pressure drops to just a few tenth of a MPa 
below ?3, so that the reservoir pressure remains near lithostatic. Only a small increase 
is required to initiate another phase of leakage and diffuse dilation.   
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Interestingly, the pressure data of stringer A4C of well Birba North-1H1, which is 
located directly below the black salt interval studied, indicate near-hydrostatic 
conditions (see Figures 3 and 4). This can be explained by dissipation of the 
overpressure due to contact with the adjacent (permeable) Haima clastics after a 
period of hard overpressure in the past. 
5.6 Application for seal assessment of rock salt 
The black Ara Salt samples provide the first case study showing that rock salt is able 
to lose its seal capacity for oil at depth. Our results show the limits to the sealing 
capacity of rock salt. Leakage conditions can be readily incorporated into basin 
modelling algorithms. These conditions are not restricted to the Ara Salt and apply to 
all other rock salt top seals worldwide.  
For the South Oman Salt Basin, our study provides a basis to speculate whether or not 
oil flowed through the rock salt matrix into the overburden (Haima clastics) and the 
potential volumes involved. This depends on the amount of oil generated in a stringer, 
and the proportion of this required to raise the reservoir pressure to lithostatic, after 
which all excess oil would leave the stringers and flow into the Haima clastics or into 
the overlying stringer. Further quantification of this process requires a basin 
modelling study.  
6 Conclusions  
- The black rock salt cores from the SOSB clearly indicate that distinct parts of 
the Ara Salt lost sealing capacity for oil.  
- Microstructures indicate a complex process of dilation and re-sealing for oil 
with associated dynamic recrystallization, conversion of oil into solid bitumen 
and continued salt deformation.  
- Based on subgrain size piezometry, the maximum past differential stress in the 
Ara Salt around the Ara carbonate reservoirs was < 2 MPa.  
- Oil initially leaked into the salt when oil pressure in the reservoir exceeded the 
near-lithostatic fluid pressures of the Ara Salt by a few tenths of a MPa to 
overcome the capillary entry pressure, followed by diffuse dilation and 
marked increase in permeability, in agreement with laboratory-calibrated 
dilation criteria of rock salt. 
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- Oil could flow into the salt as long as the oil pressure remained larger than the 
minimum principal stress in the rock salt.  
- The conditions inferred in this study represent the ultimate sealing potential of 
rock salt in the deep subsurface, and can be applied to rock salt seals in any 
tectonic setting.    
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Appendix 
 
Figure 1. Scanned plug of black Ara salt core. The salt appears completely black due to the 
presence of inter- and intracrystalline solid bitumen. Image width is 3 cm (Birba North-1H1, 
3674 m). 
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Figure 2. Scanned plug of gamma-irradiated (at 100 °C) Ara salt core. Black lines are grain 
boundaries and white polygons are subgrains. Black streaky-shaped inclusions are solid 
bitumen (Birba North-1H1, 3676.95 m). 
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Figure 3. Transmitted light micrograph of gamma-irradiated (at 100 °C) Ara salt shows white 
polygons as subgrains. Black line in centre is a grain boundary. Elongated particles of solid 
bitumen are aligned parallel to the grain boundary and possibly mark the former position of 
the grain boundary. Note that solid bitumen occurs along a subgrain boundary at upper left. 
 
Figure 4. SEM image of a broken Ara salt sample shows negative imprints of cube-shaped 
fluid inclusions at grain boundaries (Minassa-1H1, 3399.83 m). 
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Figure 5. SEM image of a broken Ara salt sample shows a connected network of solid 
bitumen, a microstructure, which is possibly the result of oil impregnation along a grain 
boundary (Birba North-1H1, 3676.95 m). 
 
Figure 6. SEM image of a broken Ara salt sample focuses at a solid bitumen-filled grain 
boundary, trending from upper right to lower left (Birba North-1H1, 3676.95 m).
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Chapter 5: Deformation mechanisms of deeply buried 
and surface-piercing Late Precambrian to Early 
Cambrian Ara Salt from interior Oman* 
 
Johannes Schoenherr, Zsolt Schléder, Janos L. Urai, Ralf Littke, Peter A. Kukla, 
Zuwena Rawahi 
 
Abstract 
We compared microstructures of Late Precambrian to Early Cambrian Ara Salt 
diapirs from the deep subsurface (3.5 - 5 km) of the South Oman Salt Basin (SOSB) 
and from surface-piercing salt domes of the Ghaba Salt Basin (GSB). Laterally, these 
basins are around 500 km apart but belong to the same tectono-sedimentary system.  
The excellent data situation from subsurface wells and surface outcrops allows a 
unique quantification of paleoenvironments and deformation mechanisms, spanning 
from sedimentation to deep burial, via re-activated diapir rise and surface piercement. 
Microstructures of gamma-irradiated and etched thin sections indicate dislocation 
creep and fluid-assisted grain boundary migration as the main deformation 
mechanisms operating in the deep subsurface. Large ‘old’ grains with very small 
subgrains characterize microstructures from the surface. These ‘old’ grains are partly 
replaced by ‘new’ substructure-free grains, which show gamma irradiation-decorated 
growth bands and fibrous microstructures, indicative for pressure solution creep and 
static recrystallization, most likely due to piercement and surface exposure. Using 
subgrain size piezometry, the maximum past differential stresses for the subsurface 
salt is 1.7 MPa and 3.4 MPa for the surface-piercing salt, the latter value displaying 
the high stress conditions in the diapir ‘stem’ as the salt rises on its way to the surface. 
 
Keywords: Salt diapir, Oman, Recrystallization, Deformation mechanism, Rock salt. 
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Rawahi, submitted. Deformation mechanisms of deeply buried and surface-piercing Late 
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1 Introduction 
The understanding of deformation mechanisms operating in nature contributes to our 
understanding of the possible range of rheologies of natural rock salt. Large amounts 
of laboratory tests available show that there is a factor of 100 - 1000 variation in creep 
rate for different types of rock salts (Hunsche et al., 2003), which is attributed to 
differences in mineralogy, brine content and deformation history. The true simulation 
of relevant in-situ creep rates of rock salt (10-9 to 10-13 s-1 for mining and oil-gas 
related creep deformation) would require very long experiments. This problem is 
usually solved by extrapolation from experiments done at high strain rate. Such an 
extrapolation is only valid, if the deformation mechanisms deduced from 
microstructural investigations are the same in the experiment and in nature. 
Microstructural investigations of naturally deformed rock salt (Urai et al., 1987; 
Schléder & Urai, 2005; Schléder & Urai, 2007; Schoenherr et al., 2007c) and 
experimentally deformed rock salt (Urai et al., 1986; Spiers et al., 1990; Senseny et 
al., 1992; Carter et al., 1993; Peach & Spiers, 1996; Peach et al., 2001; Popp et al., 
2001; Schenk & Urai, 2004; Ter Heege et al., 2005; Schoenherr et al., 2007b) suggest 
that there are three types of deformation mechanisms possible at temperatures in the 
range of 20 - 200 °C (Fig. 1). At room temperature, dislocation creep processes 
become active in coarse-grained wet rock salt. Dynamic recrystallization of rock salt 
is enhanced by small amounts of grain boundary water. In fine-grained and 
sufficiently wet rock salt solution precipitation creep can become a dominant 
deformation mechanism such as in mylonitic shear zones of extrusive glacier salt 
(Schléder & Urai, 2007). At low temperature and low effective pressure, crystal 
plasticity can be accompanied by microcracking (Peach et al., 2001; Popp et al., 
2001). This deformation mechanism is rarely observed in naturally deformed rock salt 
(Schoenherr et al., 2007c). 
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Figure 1. Schematic drawing of the microstructural processes that can operate during 
deformation of halite at temperatures in the range 20-200°C. Different shades of grey 
represent crystals with different orientation (after Urai & Spiers, 2007). 
 
Only a very few studies aimed to investigate naturally deformed rock salt from 
different tectonic settings (Schléder, 2006) and it is still a poorly understood subject 
how the different deformation mechanisms change through time in the deformation 
history of a specific salt accumulation. This is especially important for the 
understanding of rock salt rheology from shallow and deeply burial setting or from 
extrusive (and buried) salt glaciers (Schléder & Urai, 2007; Mohr et al., 2007). 
In this paper we studied microstructures of naturally deformed Late Precambrian to 
Early Cambrian Ara rock salt from the South Oman Salt Basin (SOSB) and the Ghaba 
Salt Basin (GSB). Both basins belong to the same depositional system (Mattes & 
Conway Morris, 1990; Edgell, 1991) and underwent a very similar structural 
evolution in their initial diapir stages due to passive downbuilding (Loosveld et al., 
1996). In Late Cretaceous times, six Ara salt domes in the GSB pierced the surface 
due to reactive diapirism along deep-rooted faults (Peters et al., 2003; Filbrandt et al., 
2006), whilst the Ara salt in the SOSB remained in the deep subsurface since its 
initial diapiric stage. We have analysed the microstructures, grain sizes and paleo-
stresses from both settings with the aim to deduce deformation mechanisms operating 
Chapter 5: Naturally deformed Ara salt 
 153
within different stages of diapir growth from initial rise (downbuilding) to re-active 
growth until piercement of the surface in the same evaporite system of the Ara Group. 
2 Geological setting and samples  
2.1 Salt basins of interior Oman 
The deep subsurface of interior Oman is constituted of three evaporite basins (Fig. 2), 
which developed in Late Neoproterozoic to Early Cambrian times on crystalline 
basement showing radiometric ages of 870 to 740 Ma (Hughes Clarke, 1988). This 
basement is overlain by the Huqf Supergroup, which comprises volcanics and 
siliciclastics (Abu Mahara Group), carbonates with intercalations of sandstone (Nafun 
Group) and a carbonate to evaporite sequence, termed as the Ara Group (Amthor et 
al., 2003; Amthor et al., 2005) (Fig. 2).  
The Ara Group is Pre-Cambrian to Cambrian in age (Amthor et al., 2003) and 
consists of marine platform sediments, representing at least six third-order cycles of 
carbonate to evaporite sedimentation. Each cycle is characterized by the 
sedimentation of Ara salt at very shallow water depths, followed by the deposition of 
20 to 250 m thick isolated carbonate platforms (so-called “stringers”) in deeper basins 
during trangressive periods (Mattes & Conway Morris, 1990). Bromine geochemistry 
of primary fluid inclusions in the Ara salt (Schröder et al. 2003) clearly indicates a 
seawater origin for the Ara evaporites. In the South Oman Salt Basin (SOSB), the Ara 
Group cycles are termed A0 to A6 from bottom to top (see review of Al-Siyabi, 2005 
and Fig. 2).  
The Ara salt is widely regarded as an equivalent to the Hormuz salt, which filled a 
number of basins in south Iraq, southwestern Iran, Kuwait and the Persian Gulf before 
plate displacement (Gorin et al., 1982; Edgell, 1991). This salt belt developed due to 
Neoproterozoic extensional rifting of the Arabian plate along the N-S Arabian Trend. 
The salt basins of interior Oman follow a NE-SW alignment (Aulitic Trend), which 
reflects the trend of the left-lateral strike-slip faults in the basement. The Ara salt 
locally reaches a thickness of 4 km and is continuous from the SOSB in the most 
southwestern part to northern Oman, where it forms the Ghaba Salt Basin (GSB) and 
the Fahud Salt Basin (Fig. 2). Strong indications for the lateral continuity of the Ara 
Group facies from SW to NE were documented by the presence of six surface-
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piercing salt domes in the GSB (Peters et al., 2003) (Fig. 2). Field observations by 
Peters et al. (2003) revealed that these salt domes are composed of some hundreds of 
meters long and about 50 meters thick carbonate blocks, partially embedded in salt. 
Both, the carbonates and the salt are regarded as the facies equivalents of the 
subsurface Ara Group of the SOSB. 
 
Figure 2. Overview map shows salt basins of interior Oman (shaded in grey) (modified after 
Peters et al., 2003). The subsurface salt studied derives from the exploration areas of Harweel 
and Birba in the South Oman Salt Basin. The surface-piercing salt studied comes form three 
salt domes of the Ghaba Salt Basin: Qarn Sahmah (QS), Qarat Kibrit (QK) and Qarat Al Milh 
(QM); the other salt domes indicated on the map are Qarn Nihayda (QN), Qarn Alam (QA) 
and Jebel Majayiz (JM). Note the position of JM and QM at the Maradi fault zone and QK at 
the Burhaan fault. Inset lower right summarizes the stratigraphy in the subsurface of interior 
Oman (after Peters et al., 2003). Inset upper right highlights the carbonate to evaporite cycles 
of the Ara Group (modified after Al-Siyabi, 2005). 
 
Diapirism in the SOSB and the GSB was triggered by differential loading of thick 
continental clastics onto the mobile substrate of the Ara salt (Fig. 3a) (Loosveld et al., 
1996). In the SOSB, the Ara salt forms the top, side and bottom seal for the deep 
hydrocarbon system of the Ara carbonate “stringer” play (Al-Siyabi, 2005). 
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Figure 3. Geometry of the Interior Oman Salt Basins. a) Schematic cross section of the South 
Oman Salt Basin showing Ara salt diapirs, enclosing isolated carbonate stringer reservoirs for 
oil and gas. Differential loading of the Haima clastics triggered diapirism and the salt locally 
withdrew until the suprasalt Haima basins touched down on the subsalt Buah Formation 
(modified after Peters et al., 2003). b) Schematic cross section of the Ghaba Salt Basin 
illustrating the diapir geometry of the Qarn Alam salt dome; approx. 5 times vertical 
exaggeration (modified after Peters et al., 2003). 
 
In the GSB, the overburden has undergone faulting in Mesozoic times, which initiated 
further salt movement and the formation of the six surface-piercing salt domes 
(Loosveld et al., 1996). The salt domes Jebel Majayiz and Qarat Al Milh are 
positioned along the NNW striking, left-lateral Maradi strike-slip fault zone (Fig. 2), 
and salt dome Qarat Kibrit along the Burhaan strike-slip fault zone, which trends 
parallel to the Maradi fault. Late re-active diapir growth occurred in the Late 
Cretaceous and Tertiary along these deep-rooted structures (Peters et al., 2003; 
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Filbrandt et al., 2006). Seismic cross-sections presented by Peters et al. (2003) show 
the deep-rooted nature of these salt diapirs with the local development of rim 
synclines (Fig. 3b). Directly below the surface, the Ara salt is characterized by a 
pillow-like geometry with very long diapir “stems”. On satellite maps, the salt domes 
show up as circular to oval-shaped structures forming prominent topographic highs 
surrounded by radial drainage patterns in an otherwise flat desert environment (Fig. 
4). 
 
Figure 4. Satellite images of surface-piercing salt domes in northern interior Oman. a) 
GeoCover landsat image shows the location of the six surface-piercing salt domes in the 
desert of interior Northern Oman. Note that the salt dome Qarat Al Milh is not visible at this 
scale (source: https://zulu.ssc.nasa.gov/mrsid). Inset shows the location of the landsat image. 
b) Google Earth satellite image shows salt dome Qarat Kibrit, which is bounded by a small 
uplifted flank, covered by a radial drainage pattern. The western flank consists of steeply W-
dipping Ara carbonate stringers, while the centre consists of a karstic rolling plain. 
Outcropping rock salt occurs within stippled outline. Sample locations are denoted as A and 
B.   
 
2.2 Origin of Ara salt samples 
2.2.1 Halite from the subsurface of the South Oman Salt Basin 
Subsurface halite samples were investigated using drill cores from depths between 
3400 - 4900 m. We investigated microstructures of 10 samples from 5 different wells 
(Table 1). The wells are located within two exploration areas in the southwestern 
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most part of the SOSB (Greater Harweel and Greater Birba Area), which are about 
100 km apart (Fig. 2). 
The four shallowest samples come from immediately above stringer A5C of well A, 
cored at a depth of about 3660 m (samples A04, A09, A10 and A11). Two samples 
were investigated from a 1.5 m thick interval at a depth of about 4148 m from well C 
(A35 and A39). Sample A32 is from well E, which was cored 15 meters below 
stringer A2C at a depth of about 4650 m. The most deeply buried salt studied comes 
from a depth of 4896 m and 4936 m, respectively, of well B (A50 and A51). The 
shallower sample (A50) of well B derives from directly above stringer A2C, while the 
sample from 4936 m comes from a thin salt sheet within stringer A2C (A51). 
2.2.2 Halite from the salt domes of the Ghaba Salt Basin 
Fieldwork in all of the six surface-piercing salt domes in the GSB has shown that only 
three salt domes comprise rock salt outcrops, all of which were sampled for this 
study. These are the Qarat Kibrit (QK), Qarat Al Milh (QM) and Qarn Sahmah (QS) 
salt domes (Fig. 4a). We use these two-letters abbreviations to refer to the rock salt 
samples in the following.  
The rock salt outcrop quality is very poor in the domes, mainly because of strong 
dissolution due to periodic rainfalls, which led to the formation of very smooth 
outcrop walls (Fig. 5a). In addition, the smooth walls are covered by fine-grained 
sand transported to the domes by the wind from the surrounding desert, which made it 
extremely difficult to recognize spatial variations of the general rock salt fabrics; i.e. 
layering, folding or vertical changes in grain fabrics. In some cases, the edges of the 
outcrops could be sampled, which was carried out very carefully to avoid 
microcracking of halite. In cases, where sampling of an outcrop was hampered, 
scattered boulders were taken.  
In general, all salt outcrops are characterized by 4 - 8 cm wide joints, oriented 
perpendicular to the layering, which is interpreted as depositional (Fig. 5a). The joints 
have a spacing of 0.6 - 1.5 m and are commonly filled with a whitish efflorescence of 
halite and clayey and sandy fillings. Most of the exposed salt shows a sharp contact to 
an off-white to light yellow caprock of fine-grained and layered anhydrite (Fig. 5b), 
which is the result of successive salt dissolution by circulating groundwater near and 
at the surface.  
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2.2.2.1 Salt dome Qarat Kibrit (QK) 
The QK salt dome (area 0.7 x 0.5 km) exposes the largest rock salt outcrops. Most of 
the rock salt exposed forms a shallow and karstic depression, which is bounded by an 
approximately 30 m high carbonate stringer at the western margin (Fig. 4b). Rock salt 
outcrops comprise most of the depression in the central, the central southern and the 
southeastern part. Sampling was carried out at the two largest rock salt outcrops, 
which are marked as location ‘A’ and ‘B’ in Fig. 4b. Sample location ‘A’ is a 
prominent outcrop in the central part of QK, which displays an evaporite to carbonate 
(Ara Group) cycle from bottom to top (sample location of QK1; Fig. 5c).  
Another rock salt outcrop, approximately 30 meters NNW of location ‘A’, shows 10-
20 cm thick alternating rock salt layers, composed of reddish clastics (mostly 
sandstone) or finely dispersed organic matter (fetid smell when freshly broken) 
(samples QK3, QK6; Fig. 5d). Macroscopically, the grain fabric of these layers is 
characterized by a number of fibres and strong shape-preferred orientation with the 
long axis parallel to bedding. In addition, most rock salt outcrops show areas 
consisting of up to 4 cm-sized, in one case up to 14 cm-sized, euhedral halite cubes. 
Sample location ‘B’ is 200 m north of location ‘A’ (Fig. 4b). The area between both 
sample locations is composed of several isolated hillocks, which can be up to 3 meters 
high. The bottom of these hillocks is made up by rock salt (samples QK7 and QK9), 
which is overlain by a thin cap of anhydrite. Sample location ‘B’ forms a ? 10 m high 
hill, which shows isoclinally folded rock salt (sample QK17), which contains an up to 
1.5 m-sized carbonate boudin in its lower part. The rock salt is overlain by 
approximately 3 m thick anhydrite caprock (see Fig. 5b). The grain fabric of the rock 
salt is characterized by cm-sized subhedral grains surrounded by clusters of fine-
grained anhedral grains, which partly show fibrous structures (Fig. 5e). In all rock salt 
outcrops of QK the layering and the carbonate bedding, dips with 40° to 80° to the W 
and WNW.  
2.2.2.2 Salt dome Qarat Al Milh (QM) 
QM is the smallest salt dome studied (area 0.5 x 0.4 km) and has two main rock salt 
outcrops, which show very similar characteristics to QK. The salt dome is defined by 
two carbonate stringers, which are around 250 m apart. The area in between mainly 
consists of sand and gravel but also of jointed rock salt in the southern part, similar to 
the features at location ‘A’ in QK. In most outcrops, the grain fabric closely 
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resembles the fabric observed in QK, however, a number of outcrops show 0.5 - 1 
cm-sized subhedral grains surrounded by up to 4 cm-sized euhedral halite cubes (Fig 
4f). Rock salt with the latter fabric has been sampled for this study (QM8). 
2.2.2.3 Salt dome Qarn Sahmah (QS) 
QS is the largest surface-piercing salt dome (area: 2.8 x 2.5 km, height: 100 m) in the 
GSB and is located ? 100 km SW to the northern salt domes (see Fig. 4a). So far, 
there were only two rock salt outcrops found, which are located in the most 
northwestern part of QS. The shape of these outcrops are near identical to outcrop ‘B’ 
in salt dome QK (see Fig. 5b), showing the typical anhydrite cap and a layering of 
clear to dark reddish halite (sample QS10) with grain fabrics similar to those observed 
in QK and QM (Figs. 5g-h, compare with 5e).   
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Figure 5. Characteristic rock salt outcrops of three salt domes of the Ghaba Salt Basin. a) 
Typical rock salt outcrop in Qarat Kibrit showing joints and westwards dipping (to the left) 
layers composed of greyish and reddish halite. Uppermost reddish layer is approx. 1 m thick. 
b) Sample location ‘B’ in Qarat Kibrit (see Fig. 4b) showing the typical superposition of 
anhydrite caprock above isoclinally folded rock salt. Note carbonate boudin embedded in the 
salt at lower left. Person for scale. c) Sample location ‘A’ in Qarat Kibrit  (see Fig. 4b) 
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representing Ara Group cyclicity from evaporite to carbonate sedimentation. Entry of cave is 
approx. 1.80 m high; sample QK1. d) Thin layers of rock salt layers showing a high content 
of clastic material. The red colour is in most cases a product of intracrystalline haematite. 
Fine-grained salt shows a strong shape-preferred orientation with fibres (salt dome Qarat 
Kibrit; sample QK3 and QK6). e) Red halite from sample location ‘B’ in Qarat Kibrit shows 
large halite clasts surrounded by clusters of small fibrous grains; sample QK1, long side of 
image corresponds to 20 cm. f) A number of outcrops in all salt domes are composed of large 
subhedral to euhedral halite cubes. The large cubes probably replaced their smaller neighbour 
grains (salt dome Qarat Kibrit). g) Location of sample QM8. Grain fabric in Qarat Al Milh 
shows a mixture of fabrics similar to that in e) and f). Large cm-sized euhedral cubes grew at 
the expense of mm-sized anhedral halite grains. Note folding of the dark grey layer in halite 
indicated by the stippled line; hammer tip at left is 10 cm long. h) Typical grain fabric of rock 
salt observed in salt dome Qarn Sahmah, closely resembling the grain fabrics of Qarat Kibrit 
at location of sample QS10. Visible part of hammerhead is 14 cm long. 
 
3 Methodology 
The samples were cut using a diamond saw with small amounts of water to prevent 
microcracking. The SOSB samples were sawed parallel to the core axis and the GSB 
samples were cut perpendicular to layering, where present. Thin section preparation 
was carried out using the method described by Urai et al. (1987) and Schléder & Urai 
(2005). The salt slabs were polished dry on grinding paper, etched with pure water for 
2 seconds and quickly dried with a tissue. This etching technique removes scratches 
and provides a micro-relief on the surface of the slabs improving the stability of 
mounting. The slabs were mounted on glass plates at room temperature using epoxy 
(Körapox 439) and cut with small amounts of water into thick sections of ~ 3 mm. 
After drying, the sections were ground down to a thickness of ~ 1.5 mm with grinding 
paper (dry) and finally etched in a slightly undersaturated NaCl solution (~ 6 molar) 
for 10 seconds. Subsequently, the etchtant was immediately flushed from the thin 
section surface with a powerful jet of n-Hexane for 3 seconds and dried in a stream of 
hot air. These thin sections have been investigated with transmitted and reflected light 
microscopy. 
Selected slabs were gamma-irradiated for three months at 100 ºC with a dose rate 
between 4 kGy/h and 6 kGy/h to a total dose of about 4 MGy at the research reactor at 
the Forschungszentrum Jülich, Germany, to decorate otherwise invisible 
microstructures. The colour intensity observed in most halite samples is 
heterogeneous, reflecting an irregular distribution of solid solution impurities and 
crystal defects within halite grains (Przibram, 1954; Garcia Celma & Donker, 1996).  
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4 Data 
4.1 Microstructures of halite from the subsurface of the 
South Oman Salt Basin 
The subsurface samples from the SOSB reveal a broad variety of microstructures such 
as syn-genetic chevron crystals, polygonal subgrains, slip lines and intra- and 
intercrystalline microcracks (Figs. 6 and 7). XRD analysis revealed that the samples 
mainly consist of pure halite with a subordinate amount of second-phase of anhydrite, 
sylvite, polyhalite and dolomite.  
Grain size varies between 0.1 - 15.7 mm with a mean equivalent circular diameter 
(ECD) of 3.3 mm (1? = 1.969) (Table 1). The largest grain size variations occur 
between samples from well C (A35 and A39) and well A (A04 and A09) (? ECD = 
1.5 mm).  
The grains of samples from well C have an ECD of 3.9 mm with the largest grains of 
around 15 mm ECD and a grain-shaped preferred orientation (GSPO) of around 1.2. 
The large grains in the samples from well C have a milky appearance, caused by 
parallel bands, which consist of numerous up to 80 µm-sized fluid inclusions, that 
alternate with fluid inclusion-poor bands (Fig. 6a). This microstructure defines 
chevron crystals, which are generally interpreted as primary (syn-depositional) 
precipitates from shallow hypersaline brine pools (Shearman, 1970; for overview see 
Warren, 2006, p. 26). In our samples the chevron crystals comprise ? 10 volume 
percent of the material and all grains are anhedral in shape and rimmed or truncated 
by elongated, clear (fluid inclusion-free) up to 1.5 cm-sized halite grains. The clear 
grains show lobate-shaped, fluid inclusion-rich grain boundaries towards the chevron 
cyrstals (Fig. 6b). In addition, some chevron crystals are rimmed by ? 300 µm thick 
horizons of anhydrite and polyhalite (Fig. 6b) as revealed by XRD. In some of the 
clear grains, elongated and cube-shaped fluid inclusions were observed directly 
behind or as attached to a fluid inclusion-rich grain boundary (Fig. 6c). The grain 
boundaries between clear crystals and chevrons commonly exhibit an interconnected 
network of fluid-filled, worm-like tubes and isolated fluid bubbles (Fig. 6d). 
Reflected light microscopy shows that the chevrons are highly sub-structured, while 
the clear grains are almost subgrain-free (Figs. 6e-f).   
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Figure 6. Micrograph plate of subsurface halite from the SOSB. a) Transmitted light (t.l.) 
micrograph of sample A39 (well C) showing primary halite chevrons with dense fluid 
inclusion banding. The chevron grain is partly rimmed by elongated, clear and subgrain-free 
halite grains (marked with ‘a’). b) Overview micrograph of gamma-irradiated sample A35 
(well C). Primary grains (marked with ‘b’) are surrounded by clear grains. White layers are 
anhydrite and polyhalite. Grain boundaries between primary grains are irregular and sharp 
(centre left). Note that some of the primary fluid inclusions appear as dark blue spots (opened 
up during sample preparation). c) The fluid inclusion-rich grain in the centre represents a 
relict of a primary grain (note banding), which has been almost completely replaced by clear 
grains (‘a’). Note array of cube-shaped and elongate (arrow) fluid inclusions in upper 
otherwise clear grain (t.l., sample A35). d) Four images show grain boundary structure with 
fluid inclusions (upper images are sample A51; bottom left: A35, right: A50; t.l.). e) 
Transmitted light micrograph showing anhedral primary fluid inclusion-rich grain in the 
centre, which is surrounded by clear grains (‘a’). f) Corresponding reflected light micrograph 
to e) shows that the fluid inclusion-rich grain is highly substructured, while the clear grains 
(‘a’) are almost subgrain-free.  
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In contrast to the samples containing primary structures, samples from well A are 
characterized by a grain fabric showing a strong GSPO with an aspect ratio of up to 4 
and an ECD between 2.5 and 3.7 mm (Table 1; Fig. 7a). Interestingly, most samples 
from well A are completely stained black, which is caused by the presence of solid 
bitumen at intracrystalline microcracks and grain boundaries (Fig. 7a) (Schoenherr et 
al., 2007c). In addition, gamma irradiation of these samples reveals well-developed 
polygonal and elongated subgrains near to lobate-shaped grain boundaries, which 
contain abundant fluid inclusions (Fig. 7b-c). No chevron crystals were observed in 
these samples. Figures 7b-c show that the highly substructured grains are partly 
consumed by subgrain-free grains.  
 
Figure 7. Transmitted light micrographs of halite from well A. a) Thin section scan of sample 
A4 shows halite with brownish solid bitumen at grain boundaries. Note the NE-SW trending 
strong grain shape-preferred orientation. Inset focuses at a grain showing an intragranular 
microcrack and grain boundaries, which are impregnated by solid bitumen. b) Overview 
micrograph of gamma-irradiated sample A11, showing grains with white polygonal 
subgrains, which are partly replaced by subgrain-free grains. Grain boundaries appear as dark 
lines. c Detail view at a lobate-shaped grain boundary (at the centre), which is bulged into the 
subgrain-rich grain. Note the elongated subgrains in the recrystallized part. The black 
elongated particle at centre left is solid bitumen. 
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4.2 Microstructures of halite from the surface-piercing Salt 
Domes of the Ghaba Salt Basin 
The average grain size of most surface samples varies between 0.5 and 7 mm with an 
average ECD of 1.6 mm (Table 1). The general grain fabric is mostly homogeneous 
showing anhedral to subhedral grain shape with gently curved grain boundaries, 
intersecting at ? 120° triple junctions (Figs. 8 and 9). In detail, most samples are 
characterized by two types of grains, which differ in their grain size, sub-structure 
(Fig. 10) and gamma irradiation colour. The first grain type (referred to as ‘old’) 
comprises up to 40 volume percent of the material and shows well-developed 
polygonal subgrains with an ECD between 31-86 µm (Table 1). The second grain 
type (referred to as ‘new’) is characterized by the absence of subgrains and a gamma 
irradiation-decorated dark blue or dark purple core, which is often surrounded by 
bands showing different light blue colours oriented parallel to the dark blue core 
(zonation) and the grain boundary (Figs. 8 and 9). In a few samples, the ‘old’ 
subgrain-rich grains are up to 6 times larger than the subgrain-free ‘new’ grains (Fig. 
8).  
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Figure 8. Overview transmitted light micrograph of gamma-irradiated sample QS10 shows 
the typical grain fabric of surface-piercing halite. The largest (‘old’) grains are subgrain-rich 
(white polygons). NW-SE trending grain boundaries are highly irregular and often marked by 
white patches. Smaller subgrain-free (‘new’) grains commonly show gamma irradiation-
decorated bands with different blue intensities in a crystal, probably reflecting growth bands. 
ECD is 1.7 mm; frames mark the location of Figs. 10a, 11c and 11d. Image width is 3 cm.  
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Figure 9. Overview transmitted light micrograph of gamma-irradiated sample QK9. Similar 
fabric to QS10 in Fig. 8, showing large subgrain-rich (‘old’) grains, which are surrounded by 
subgrain-free (‘new’) grains. In this case, the ‘new’ grains have a similar size as the ‘old’ 
grains but show a different gamma irradiation colour. ECD is 1.1 mm; frames mark the 
location of Figs. 10b, 11e and 11f. Image width is 1.5 cm.  
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Figure 10. Reflected light micrographs of white frames in Figs. 8 and 9 showing subgrain-
rich ‘old’ grains (indicated with an ‘o’) and ‘new’ subgrain-free grains (indicated with a ‘n’). 
Parallel lines are scratches from sample preparation and dark spots are anhydrite crystals. 
Grains with dark blue to purple gamma-irradiation colours in Fig. 9 are subgrain-free (in b). 
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The ‘old’ subgrain-rich crystals are partly consumed by subgrain-free grains. Black lines 
mark grain boundaries and subgrains show up as small polygons in the somewhat darker 
grains in the centre. Black spots are terminations of fluid inclusions at grain boundaries and 
preparation artefacts (central row in b). 
 
In detail, the gamma irradiation-decorated zonations of the ‘new’ grains often show 
that the core of the grain is darker blue than the parallel zones towards the grain 
boundary (Figs. 11a-b). In a few cases, the lighter blue zones only occur at two 
opposite sides of anhedral-shaped crystals with several dark blue lines oriented 
parallel to the grain boundary (Fig. 11a). In addition, some of the dark cores show a 
fibrous sub-structure (Fig. 11b). The same microstructure has been observed for the 
‘old’ grains showing a highly sub-structured core and substructure-free zones at both 
sides of the core (Fig. 11c).  
Grain boundaries between two ‘old’ subgrain-rich grains and between subgrain-rich 
and ‘new’ subgrain-free grains can be highly irregular (in places serrated) and show 
up as white patches in gamma-irradiated samples, while grain boundaries between 
two subgrain-free grains are usually very sharp and straight (Figs. 11c-d). In some 
cases, grain boundaries of the substructure-free grains are bulged into the subgrain-
rich grains, or substructure-free grains occur within a highly substructured grain (Fig. 
11d-e). The internal fabric of the fine-grained subgrain-free grains is often 
characterized by gamma irradiation-decorated fibres (Figs. 11b, d and f).  
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Figure 11. Characteristic microstructures of halite from the surface-piercing salt domes. All 
micrographs are from gamma-irradiated samples and were taken under plane-polarized 
transmitted light. a) Micrograph shows a large grain with a dark core and light blue zones at 
both sides of the grain. b) The carbonate clast is surrounded by fibrous microstructures at its 
left and the right side, indicating pressure solution. c) Detail of Fig. 8 showing a large grain 
with a subgrain-rich part in the upper left and a subgrain-free part with a number of parallel 
lines in its lower right part. Note growth bands in the surrounding smaller grains as indicated 
by their different blue intensities and sharp and straight-shaped grain boundaries between 
subgrain-free grains. d) Detail of Fig. 8 showing that the largest grains comprise subgrains, 
while smaller grains are subgrain-free showing gamma- irradiation decorated growth zones. 
Note replacement of subgrain-rich grain by subgrain-free grain in the lower part and fibrous 
microstructure (arrow). e) Detail of Fig. 9 showing pronounced growth zonations of subgrain-
free grains. f) Detail of Fig. 9 showing inhomogeneous patterns of gamma irradiation 
colouration of subgrain-free grains. Note fibrous microstructure in small grain at lower right 
(arrow). 
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Sample QM8 comprises large subhedral to euhedral crystals (Figs. 5f and 12). Grain 
size analysis reveals bimodal grain size distribution with one peak at around 3 mm 
ECD and another peak at around 10 mm ECD. Microscopically, the small grain size 
fraction is highly substructured and anhedral in shape with the lowest average 
subgrain size measured for all the samples (30 µm; see Table 1), while the large grain 
size fraction is represented by euhedral to subhedral almost subgrain-free crystals. 
The small grains form mm-sized clusters, which are completely surrounded and partly 
replaced by the large euhedral to subehdral grains (Fig. 12a). Grain boundaries 
between the large and the small grains are usually fluid inclusion-rich and show a 
lobate shape towards the small subgrain-rich grains (Fig. 12b).  
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Figure 12. a) Transmitted light scan of sample QM8, which was taken from the outcrop 
shown in Fig. 4f. The grain fabric comprises up to 1.5 cm-sized subhedral grains and euhedral 
cubes and a small grain size fraction (ECD is ? 3 mm), which occurs in up to 1 cm-sized 
patches between the large grains. The location of image b is indicated by the rectangle. b) 
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Detail of image a) showing small subgrain-rich grains (centre), and the terminations of the 
large subhedral and subgrain-free grains (lower right and upper left) under reflected light. 
 
4.3 Grain size analysis and subgrain size piezometry  
Grain boundaries were digitally interpreted in micrographs taken in reflected light of 
etched thin sections and from thin sections scanned in transmitted light. The ECD of 
the digitized outlines was analyzed using the “ImageJ” software (Abramoff et al., 
2004). The results of 12 samples analysed show that the ECD of the subsurface rock 
salt is ? 2.5 times higher than surface halite (Table 1 and Fig. 13). 
 
Figure 13. Grain size distribution of deeply buried rock salt from the South Oman Salt Basin 
(SOSB; dashed line) and surface-piercing rock salt from the Ghaba Salt Basin. Note that the 
subsurface salt shows a broader variation in grain size than the surface salt. For better 
readability, the large cm-sized chevron crystals from the subsurface samples of well C were 
not taken into account (see Table 1 for data).  
 
Most samples commonly contain well-developed subgrains as revealed by reflected 
light microscopy of etched thin sections and gamma-irradiated halite (Figs. 6f, 7b-c, 
8, 9, 10a-b, 11c-f and 12b). Carter et al. (1993) and Franssen (1993) showed that there 
is a strong correlation between differential stress and subgrain size development, 
Chapter 5: Naturally deformed Ara salt 
 174
which allows the calculation of the maximum past differential stress using the average 
subgrain size. We performed subgrain size measurements on 15 samples following 
the procedure of Schléder & Urai (2005). Only the polygonal subgrains were 
interpreted as the elongated subgrains most likely grew due to grain boundary 
migration recrystallization (Schléder & Urai, 2005). The paleo-piezometry data 
indicate that the salt dome samples experienced higher differential stresses than the 
subsurface salt from the SOSB. The data are shown in Table 1 and Fig. 14. 
 
Figure 14. Logarithmic subgrain size vs. logarithmic differential paleo-stress of experimental 
data from Carter et al. (1993) and Franssen (1993). The least squares fit line of the combined 
data set was used to calculate the differential paleo-stress ? (MPa) = 107D-0.87(µm) (after 
Schléder & Urai 2005) for the surface (black dots) and subsurface (triangles) salt (see Table 
1).  
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Table. 1. Data from grain size analysis and differential paleo-stress calculation for surface 
and subsurface Ara salt. ACalculated maximum differential paleo-stress (?1 – ?3), ?Sample 
QM8 was not taken into account for calculating the average grain size of all samples analyzed 
as the grain size in this sample evolved by a different mechanism than the other surface 
samples. 
 
5 Interpretation  
Petrography of the Ara salt from the subsurface of the SOSB and the surface of the 
GSB shows a broad variety of microstructures. Based on their overprinting 
relationships and the different tectonic history of the two sample locations, we will 
attempt to assign each microstructure and corresponding deformation mechanism to a 
specific burial environment (Fig. 15). Depositional structures and deformation 
mechanisms operating in the deeply buried Ara salt are discussed in sections 5.1 and 
5.2 and were deduced from samples of the SOSB. Deformation mechanisms, which 
are interpreted as a result of re-active growth and surface exposure are discussed in 
sections 5.3 and 5.4 and were deduced from samples of the GSB. 
5.1 Syndepositional microstructures  
The marine origin of the Ara evaporites has been proved by previous works. Mattes & 
Conway Morris (1990) proposed that the Ara evaporites precipitated in a very shallow 
sea or a series of saline lakes surrounded by playas and sabkhas. Based on core 
analysis, Schröder et al. (2003) showed that at the beginning of Ara evaporite 
sedimentation, a shallow water carbonate ramp evolved gradually into a series of 
sulphate and halite salinas. The microstructural work of this paper provides additional 
Sample Well/Salt dome Depth (m)
No. of 
grains
Mean grain 
size (mm)
Stdev
No. of 
subgrains
Mean subgrain 
Stdev Stress sA (MPa)
A04 Well A 3661.2 22 2.48 1.275 247 80 71 2.33
A09 Well A 3674 22 3.64 1.256 229 100 78 1.92
A10 Well A 3675.2 32 3.25 1.657 304 106 75 1.83
A11 Well A 3676.95 24 3.7 1.842 202 141 116 1.42
A50 Well B 4896.3 63 2.98 1.314 106 222 126 0.96
A51 Well B 4936.56 - - - 76 208 152 1.01
A35 Well C 4147.93 - - - 301 87 60 2.19
A39 Well C 4149.32 82 3.94 2.611 - - - -
A28 Well D 4733.91 - - - 190 141 90 1.42
A32 Well E 4649.86 - - - 39 95 70 2.01
All - - 245 3.33 1.969 1694 131 95 1.68
QK1 Qarat Kibrit Surface 62 1.6 1.214 171 86 56 2.2
QK3 Qarat Kibrit Surface 15 2.46 1.62 314 38 26 4.47
QK6 Qarat Kibrit Surface 10 1.94 1.401 - - - -
QK7 Qarat Kibrit Surface - - - 246 54 39 3.29
QK9 Qarat Kibrit Surface 79 1.08 0.475 162 59 40 3.04
QK17 Qarat Kibrit Surface - - - 405 75 54 2.47
QS10 Qarn Sahmah Surface 107 1.74 1.389 199 63 46 2.87
QM8B Qarat Al Milh Surface 57 5.99 3.879 223 31 26 5.34
All - - 273 1.56 1.214 1720 58 47 3.38
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evidence for marginally shallow marine conditions during Ara salt formation. A 
number of samples from the subsurface contain microstructures such as chevron and 
hopper crystals (Fig. 6), which are interpreted as syndepositional in origin. The 
chevrons show the typical upward directed elongated crystals and a dense fluid 
inclusion banding (Fig. 6a), reflecting competitive subaqueous bottom growth in 
shallow marine brine pools as described by Wardlaw & Schwerdtner (1966). A 
number of grains with fluid inclusion bands do not show the growth aligned chevron 
forms (Fig. 6b), which are interpreted as hopper crystals nucleated at the air-brine 
interface, where they aggregated together to form rafts until they sunk to the bottom 
as observed by Shearman (1970) on recent layered brine-pan halite of supratidal flats. 
Clear, elongated halite truncating chevron grains and anhedral chevron grains, which 
are separated by sharp and irregular grain boundaries and thin layers of anhydrite and 
polyhalite are features, which closely resemble microstructures reported by 
Lowenstein & Hardie (1985) from ephemeral marginal-marine salt lake pans. Halite 
layers in these settings formed by repeated cycles of desiccation, flooding, evaporite 
concentration and re-desiccation. The crosscutting irregular boundaries between 
chevron grains most likely mark a stage of dissolution, preferentially initiated at grain 
boundaries, leading to the formation of micro-karst voids and dissolution surfaces due 
to the inflow of undersaturated flooding water (Fig. 15a). Additionally, the dissolution 
surfaces are marked by early evaporites, such as the anhydrite layers (Fig. 6b), which 
initially formed as gypsum layers during the renewed evaporite concentration of the 
flooding water. Due to progressive evaporation, a new layer of halite evolves by 
precipitation from the concentrating floodwater. In the following desiccation stage, 
the void-filling clear halite crystallizes from the interstitial groundwater brine. The 
last stages of floodwater desiccation and evaporation are additionally recorded by the 
presence of trace amounts of sylvite, which may be disseminated in the halite layers. 
Polyhalite associated with the anhydrite layers (Fig. 6b) may have formed by 
diagenetic back-reaction between the highly evolved brine and gypsum, which later in 
burial converted to anhydrite (Peryt et al., 1998).  
These interpretations clearly infer a restricted environment with periodic desiccation 
and inflow of highly saline floodwater for the formation of the subsurface Ara salt. 
The following interpretation of the microstructural evolution of the Ara salt during 
diapirism requires that the recently surface-exposed Ara salt in the salt domes of the 
GSB have been deposited under similar conditions as the deeply buried Ara salt from 
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the SOSB. Although the rock salt samples from the surface-piercing salt domes do not 
show chevron or hopper crystals, there are striking similarities to the marine Ara 
facies. Peters et al. (2003) have shown that the constituent lithologies of the salt 
domes are elements of the Infra-Cambrian Ara Group, which show a close correlation 
to the facies of the Ara carbonate stringers and the Ara salt in the SOSB. This is 
supported by our fieldwork at Qarat Kibrit, showing the typical retrograding 
succession of the Ara Group in the SOSB from rock salt to anhydrite and to carbonate 
rocks (Fig. 5c). In order to obtain insights into the geochemical nature of the mother 
brine from which the surface-piercing rock salt precipitated, the bromine contents of 3 
rock salt samples (QK6, QK10 and QS10) were analyzed. The data range from 49 - 
68 ppm, indicating a normal marine feed for rock salt (Valyashko, 1956), which 
coincides with bromine data in the range of 45 - 109 ppm for the Ara salt from the 
SOSB (Schröder et al., 2003). 
5.2 Deformation mechanisms during initial diapirism  
Petrography has shown that all chevron and hopper crystals are anhedral in shape and 
contain abundant polygonal subgrains. In addition to the elongated halite crystals 
formed as a cement, the primary grains are surrounded by small fluid inclusion-poor 
and subgrain-free grains (Figs. 6c and 6e-f). The grain boundaries between these 
crystals are usually fluid inclusion-rich (Fig. 6d) and have a bulged shape towards the 
primary crystals (Figs. 6c and 6e). The interpretation of these microstructures is that 
the primary subgrain-rich grains were partly consumed by clear strain-free grains by 
fluid-assisted strain energy driven grain boundary migration (Drury & Urai, 1990; 
Schenk & Urai, 2005). This phase is most likely attributed to the initial stages of salt 
diapirism, which was initiated by differential loading of the thick Haima clastics 
above the Ara salt (Fig. 15b). During this phase, the primary intracrystalline fluid 
inclusions were collected and redistributed along the migrating fluid-filled grain 
boundary (Schléder & Urai, 2005).  Interestingly, some clear grains show ‘left-
behind’ fluid inclusions (Fig. 6c), a microstructure, which has been observed during 
in-situ deformation experiments in transmitted light of recrystallizing wet bischofite 
(Schenk & Urai, 2005). The ‘left-behind’ array of the fluid inclusions is explained by 
very high rates of grain boundary migration velocity, which is driven by differences 
in dislocation densities (Fig. 15b). However, in most cases the initially fluid 
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inclusion-rich area of the primary crystals, which was then swept by the moving fluid-
filled grain boundary, is now fluid inclusion-free. This suggests fluid transfer into the 
grain boundary, which may have provided conditions for pressure solution creep 
(Urai et al., 1986; Spiers et al., 1990). Although, the samples from the subsurface do 
not provide clear microstructural evidence for pressure solution creep, they show 
networks of contracted fluid inclusions at grain boundaries (Fig. 6d) and paleo-stress 
levels (Table 1) at which deformation occurs by a combined operation of dislocation 
creep and pressure solution creep processes (Urai et al., 1987). 
Assuming that chevron and hopper crystals initially constituted most of the Ara salt, 
the recrystallized volume is ? 90 volume percent. Since rock salt readily recrystallizes 
at room temperature (Schenk & Urai, 2004), it is surprising to see that relics of 
primary crystals have been recovered from depths greater than 4 km. The causes of 
incomplete recrystallization (cessation of grain boundary migration driving force) 
remain unclear. Schléder & Urai (2005) speculated that a reduction of grain boundary 
mobility might be achieved by changes in fluid structure at grain boundaries. 
The presence of subgrains in all of the subsurface samples from the SOSB (Figs. 6f, 
7b-c) clearly points to dislocation creep processes as the dominant deformation 
mechanism. The maximum differential paleo-stress calculated from the average 
subgrain size (Fig. 14, Table 1) indicates flow stresses of 1.7 MPa, which is consistent 
with other deeply buried domal rock salt (Carter et al., 1982; Carter et al., 1993; 
Carter & Hansen, 1983; Franssen, 1993; Looff, 2000; Schléder & Urai, 2007). The 
highest calculated flow stresses are around 2 MPa, deriving from well A. These 
samples have a flow-like grain fabric with a strong GSPO and an aspect ratio of up to 
5 (Fig. 7a), which most likely indicates localized shear due to the latest stages in 
deformation history, probably during the initial stages of salt diapirism.   
In addition, the samples from well A show that intracrystalline microcracks and grain 
boundaries are stained black by the presence of solid bitumen (Fig. 7a). Schoenherr et 
al. (2007c) have shown that these samples underwent diffuse dilatancy by 
microcracking due to the capillary entry of oil from the carbonate reservoirs into 
fluid-filled grain boundary triple junction tubes of the salt under near-lithostatic fluid 
pressures. The solid bitumen formed out of oil (Schoenherr et al., 2007a), which was 
generated during differential loading of the Haima clastics until end of Ordovician 
times (Terken et al., 2001).  
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5.3 Deformation mechanisms during reactive diapirism  
The SOSB and the GSB are related to the ‘Najd’ rifting event due to Late 
Precambrian times (Husseini & Husseini, 1990). Although halokinesis in the GSB 
slightly continued after it had come to the end in the SOSB, the principle mechanisms 
of passive diapirism (i.e. ‘downbuilding’ with the top of the diapir remaining near the 
surface) operating in both basins were the same (Loosveld et al., 1996). Since this 
stage, the diapirs in the SOSB did not change much in shape, while in the GSB 
renewed diapir growth was triggered by Late Cretaceous faulting (Loosveld et al., 
1996; Fig. 18 in Filbrandt et al., 2006). The microstructures discussed in this chapter 
are interpreted as a product of the renewed diapirism during which the Ara salt was 
rising along the deep-rooted faults until the surface in the GSB (Figs. 3b, 15c).  
The lack of primary chevron and hopper crystals in the Ara salt, which pierced the 
surface, suggests that these were completely consumed during grain boundary 
migration recrystallization, most likely due to the rise of the salt, as primary 
microstructures are still preserved in the subsurface samples. Assuming that the initial 
(syndepositional) grain size of the Ara salt from the subsurface and the surface was 
more or less the same, the rise of salt until the surface was accompanied by grain size 
reduction and, independently from the initial grain size, by subgrain size reduction 
(Figs. 13 and 14). It has been shown that the size of dynamically recrystallized grains 
and subgrains in a deforming material is inversely related to differential stress (e.g. 
Passchier & Trouw, 2005). Grain and subgrain size generally decrease with increasing 
differential stress due to grain boundary migration recrystallization and subgrain 
rotation recrystallization, respectively (Drury & Urai, 1990). Deformation 
experiments on wet synthetic halite under steady state conditions have shown that 
fluid-assisted grain boundary migration results in a competition between grain growth 
of strain-free ‘new’ crystals, consuming ‘old’ subgrain-rich crystals, and grain size 
reduction due to grain dissection (moving grain boundaries that crosscut or consume 
parts of neighbouring grains) plus grain nucleation at grain boundary bulges (Ter 
Heege et al., 2005). Since we observed that not all primary fluid inclusion content of 
the subsurface samples was swept by grain boundary migration during the initial 
(downbuilding) stage of salt diapirism (Fig. 15b), it can be assumed that fluid-assisted 
grain boundary migration proceeded during re-activated diapir growth along the deep-
rooted faults (stage 1 in Fig. 15c). We suggest that during this process grain size was 
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slightly reduced due to grain dissection and/or nucleation, when a new grain starts to 
grow at grain boundaries at the expense of the deformed grains. However, details of 
the recrystallization mechanisms in path 1 - 1’ of Fig. 15c remain less clear, because 
of the uncertainty to which extent the final microstructure was affected by the 
syndepositional grain size and surface extrusion and exposure, respectively.  
The ‘old’ coarser grained crystals contain much smaller subgrains than the ‘old’ 
grains of the salt currently buried to depths of 3600 to 4900 m (Fig. 14), which 
indicates that fluid-assisted grain boundary migration (see above) was accompanied 
by dislocation creep processes (path 1 - 1’ in Fig. 15c). The subgrain size reduction 
indicates much higher maximum paleo-differential stresses for the rock salt samples 
exposed at the surface (up to 4 MPa difference, see Table 1). This is attributed to high 
flow stress conditions in the narrow and cold diapir stem as the salt rises on its way to 
the surface. 
5.4 Deformation mechanisms during surface extrusion and 
surface exposure 
The microstructures of the surface-piercing Ara salt show that the ‘old’ subgrain-rich 
grains are surrounded and partly replaced by ‘new’ subgrain-free grains. The grain 
size of these ‘new’ grains ranges from < 1 mm to several millimetres (Figs. 8 and 9). 
A number of the small (‘new’) grains show fibrous microstructures (Figs. 11d and 
11f), pointing to pressure solution creep processes associated with grain boundary 
sliding (Schléder & Urai, 2007). Some of the mm-sized grains show a gamma 
irradiation-decorated dark blue core with fibrous microstructure and light blue growth 
bands on two opposite sides (Figs. 11a-b), suggesting solution at the highly stressed 
parts and precipitation at the less stressed parts of the grain (Urai et al., 1986). 
Pressure solution creep is characteristic for fine-grained (? 1 mm) and wet rock salt 
and is accompanied by intergranular sliding and rotation (grain re-arrangement) (Urai 
et al., 1986; Spiers & Schutjens, 1990; Spiers et al., 1990). Both criteria were most 
likely given when the Ara salt reached the surface due to possible grain size reduction 
in path 1 - 1’ (Fig. 15c) and the supply of rain water, e.g. due to (monsoon) rainfall in 
this part of Oman (Fleitmann et al., 2003). 
In our model, the pressure solution creep process is tied to the initial piercement of 
the surface by the Ara salt together with the intra-salt carbonate ‘stringers’, which 
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probably created some topographic slope to allow bedding-parallel flow of the Ara 
salt (see Fig. 5d), eventually directly after rainfall (stage 2 in Fig. 15c). Similar but 
more pronounced microstructures are reported from a salt glacier in Iran, where 
bedding-parallel flow occurred at the surface in thin mylonitic shear zones by 
pressure solution creep and grain boundary sliding (Schléder & Urai, 2007). 
However, microstructural evidence for pressure solution creep is difficult to find in 
general and recorded in approximately 20 volume percent of the ‘new’ subgrain-free 
grains.  
A number of salt outcrops in the GSB are composed of large, in one case up to 14 cm-
sized, euhedral to subhedral crystals (Fig. 5f). This fabric often occurs in surface-
exposed rock salt and has been observed for example at the extrusive salt glacier of 
the Eyvanekey plateau in Iran (Schléder, 2006). These euhedral crystals are subgrain-
free and their fluid inclusion-free grain boundaries crosscut, i.e. replaced, the ‘old’ 
subgrain-rich grains (Fig 12), which are relicts of the high deformation conditions in 
the diapir stem. Schenk & Urai (2004) and Schenk et al. (2006) described similar 
microstructures from deformation experiments and combined cryo-SEM observations 
as a result of static recrystallization due to the presence of grain boundary brine. The 
authors concluded that the driving force for static grain growth is the stored energy 
inside the surrounding, dislocation-rich matrix that is being consumed. They have 
further shown that grain boundary migration during static recrystallization stops if 
two or more recrystallized grains come into contact because of the reduction in 
driving force as the grains have the same (low) dislocation density. The grain 
boundary fluid is then accumulated along triple junctions leaving behind brine-free 
grain boundaries as observed in sample QM8 (Fig. 12). 
From these observations, we conclude that the large euhedral crystals are related to 
static grain growth due to the periodic contact with rainwater (Fig. 15d), which most 
likely infiltrated via the pervasive polygonal crack system of the rock salt outcrops 
(Fig. 5a). 
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Figure 15. Schematic burial evolution with corresponding microstructure development of Ara 
salt during deposition (a), diapirsim (b-c) and surface piercement (d). Note that each stage of 
microstructure development is referred to the corresponding Figure in chapter 4 (denoted as 
‘Ref.’). a) Chevron and hopper crystals formed under shallow marine conditions from highly 
saline brines, which was followed by desiccation and renewed flooding and evaporation 
(modified after Shearman, 1970 and Schléder & Urai, 2005). b) Differential loading of the 
thick Haima clastics onto the mobile Ara salt led to passive downbuilding in the SOSB and 
the GSB until end of Ordovician times (Loosveld et al., 1996), which triggered dislocation 
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creep processes accompanied by fluid-assisted grain boundary migration recrystallization 
(GBMR*). New subgrain-free grains consume the primary subgrain-rich chevrons, whereby 
intracrystalline fluid inclusions were left behind and transferred into the migrating fluid-filled 
grain boundaries. Differential stresses in this part of the diapir are ? 1.7 MPa. c) After a 
period of tectonic quiescence, salt diapirism is re-activated along deep-rooted strike slip faults 
during Late Cretaceous times in the GSB (Filbrandt et al., 2006). In this phase, dynamic 
recrystallization of the Ara salt continues, whereby subgrain size reduction is due to high 
stresses (?1 - ?3 ? 3.4 MPa) in the cold diapir stem (path 1 to 1’). As the salt reaches the 
surface, it may starts to flow parallel to bedding planes due to some topographic contrasts of 
the rising salt dome. During this process, some of the salt deforms by pressure solution creep, 
which is initiated by small amounts of grain boundary water, entering the salt along cm-wide 
joints and cracks after periodic heavy rain falls. Additionally, the presence of water most 
likely leads to static growth of new strain-free halite crystals. d) Static recrystallization of the 
Ara salt at the surface is due to periodic rainfalls. This process partly erased the previously 
formed microstructures, characteristic for the shallow and deep burial environment of a salt 
diapir. 
 
6 Conclusions 
Deformation mechanisms and paleoenvironments of the Infra-Cambrian Ara salt, 
which underwent deep burial, reactive diapirism and finally surface extrusion, were 
deduced from microstructures and the conclusions are as follows:  
• Primary microstructures indicate a shallow hypersaline and partly restricted 
environment for Ara salt deposition.  
• Due to the initial stage of diapirism (downbuilding), fluid-assisted grain 
boundary migration almost completely erased the primary structures. This 
process was accompanied by dislocation creep as shown by the presence of 
subgrains, which indicate differential paleo-stresses of 1.7 MPa. 
• Reactive Ara salt diapirism along deep-rooted faults triggered complete 
dynamic recrystallization most likely due to fluid-assisted grain boundary 
migration accompanied by dislocation creep as evidenced by subgrain size 
reduction during the highest stress conditions in the narrow diapir stem (3.4 
MPa). 
• The piercement of the surface by the Ara salt (together with the intra-salt 
carbonates) may have created topographic slopes, enabling flow by pressure 
solution creep (probably due to periodic rainfalls). 
• The latest alteration of the Ara salt is related to static growth of large euhedral 
grains at the expense of dislocation-rich (‘old’) grains. This process erased 
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most of the earlier microstructures and is most likely triggered by the supply 
of rainwater. 
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Appendix 
 
Figure 1. Outcrop photograph of a succession rock salt – carbonate boudin – anhydrite 
caprock from bottom to top. Note the gentle folding of the salt at top, while the foliation dips 
steeply at lower right. Boudin is 1.3 m wide; salt dome Qarat Kibrit. 
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Figure 2. Outcrop photograph shows isoclinally folded rock salt, note green (sulphur-
bearing) layers. This fabric is crosscut by joints, which are filled with clay, sand and halite. 
Polygon at left is c. 0.5 m in diameter; salt dome Qarat Kibrit. 
 
Figure 3. Transmitted light micrograph of rock salt from salt dome Qarat Kibrit, showing that 
the red colour of the salt is due to the presence of intracrystalline haematite (sample QKS 1). 
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Figure 4. Reflected light micrograph of rock salt from salt dome Qarat Kibrit shows a 
subgrain-rich grain in centre, which has been partially replaced by strain-free crystals due to 
fluid-assisted grain boundary migration recrystallization. Black spots at grain boundaries 
represent terminations of fluid inclusions (sample QKS9). 
 
 
 
Chapter 5: Naturally deformed Ara salt 
 187
 
Figure 5. Transmitted light micrograph shows primary fluid inclusion bands of subsurface 
Ara salt from the SOSB (Sarmad-2H1, 4148.55 m). 
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Chapter 6: Deformation mechanisms and rheology of 
Pre-cambrian rocksalt from the South Oman Salt 
Basin* 
 
J. Schoenherr, Z. Schléder, J.L. Urai, P.A. Fokker, O. Schulze 
 
Abstract 
The Neoproterozoic to Early Cambrian Ara Salt from the South Oman Salt Basin has 
been investigated for creep behavior and microstructure. The salt behavior is of 
relevance for oil production out of intra-salt carbonate “stringers”. Test and in-situ 
conditions are about T = 100 °C and pc = 70 MPa. Strain rate stepping and 
temperature stepping tests have been performed, with creep rates varying from 5x10-8 
to 10-5 s-1. All tests were run to a total strain of 25 - 30%. Both secondary and primary 
creep parameters have been determined. Secondary creep is basically reached only at 
rates of 10-7 s-1 or lower (15 MPa differential stress or lower), still orders of 
magnitude faster than expected in situ rates, except perhaps borehole closure related 
creep during drilling. Microstructural observations revealed that the main deformation 
mechanism during the tests was dislocation creep associated with grain boundary 
migration recrystallization. This is evidenced by subgrain size reduction, the 
development of slip lines and the formation of new strain-free grains growing at the 
expense of subgrain-rich grains. Comparing literature data, the Ara Salt appears to be 
quite common (average), both under the microscope as in creep behaviour. 
  
                                                
* Schoenherr, J., Schléder, Z., Urai, J.L., Fokker, P.A., Schulze, O., (2007) Deformation 
mechanisms and rheology of Pre-cambrian rocksalt from the South Oman Salt Basin. In: M. 
Wallner, K.-H. Lux, W. Minkley, H. Hardy (Eds.), The mechanical behaviour of salt - 
Understanding of THMC processes in salt, pp. 167-173.  
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1 Introduction 
1.1 Experimental deformation of halite 
The vast amount of experimental creep data on halite shows that there is a significant 
factor of 100 - 1000 variation in creep rate for different types of natural halite 
deformed under same stresses and temperatures, due to differences in chemistry, 
water content, secondary phases and deformation history. By comparing dry versus 
wet (Ter Heege et al., 2005), pure versus doped (Heard & Ryerson, 1986), second 
phase free versus dirty (Hunsche et al., 2003) and annealed versus deformed samples 
(Ter Heege et al., 2005) we gained a first order approximation of the influence of 
these parameters on creep rate of halite and also on the physics behind the individual 
processes. However, when more variables are simultaneously present, it is still poorly 
known, how these processes interact and what their exact influence on rheology is. It 
is still impossible to predict creep rate parameters with any accuracy from chemical 
analysis and microscope studies. Lab creep testing will hence still be required. 
The draw back of creep tests is that true simulation of relevant in-situ creep rates (10-9 
to 10-13 s-1 for mining and oil-gas extraction related creep de-formation) would require 
very long lasting experiments, since the creep rate must be maintained for several 
percents of strain to reach a steady state strain rate. This problem is normally solved 
by extrapolation from experiments done at higher than natural strain rate, stress or 
temperature. However, such an extrapolation is only valid, if the deformation 
mechanisms remain the same in the experiment and in nature.  
Microstructure analyses provide insights into the correct, mechanism-based 
deformation processes. The constitutive models (including recrystallization processes) 
have to be used to verify the validity of extrapolation of laboratory data to natural 
conditions.  
Although both, microstructure study and experiments on synthetic salts help to predict 
the rheology, the only way to derive this for a specific salt type is to carry out a set of 
triaxial tests, which establishes required parameters for describing rheology. This was 
performed for the Infra-Cambrian Ara Salt, which forms a number of large salt diapirs 
in the South Oman Salt Basin (SOSB) at a depth of 3 to 5 km. It encases highly over-
pressured carbonate reservoirs (the so-called “stringers”) for oil and gas (Fig. 1).  
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Figure 1. Overview map of salt basins in the deep subsurface of interior Oman (grey) and 
associated oil and gas fields. The simplified cross section illustrates Ara Salt diapirs, which 
enclose isolated Ara carbonate “stringer” reservoirs; frame highlights Ara Group (compiled 
from Peters et al., 2003 and Qobi et al., 2001) and inset upper right, showing the 
chronostratigra-phy of the SOSB and the position of Infra-Cambrian Ara Group. Thick black 
horizontal lines in the lithological section mark salt cores investigated for this study; note that 
tick marks represent 50 m intervals. 
 
Previous studies of the Ara Salt have shown that it once lost its seal capacity in the 
direct vicinity (~ 10 m of vertical distance) of the stringer reservoirs, which is 
evidenced by the presence of solid bitumen at grain boundaries and microcracks 
(Schoenherr et al., 2007c). At the same time, this salt shows widespread evidence for 
intracrystalline plastic de-formation by the presence of subgrains. Using subgrain size 
piezometry and the well-established correlation between subgrain size and remaining 
in-situ stress (Carter et al., 1993), the calculated maximum past differential stress for 
the Ara Salt around the stringer reservoirs is less than 2 MPa.  
The mechanical and transport properties of this salt are of relevance in predicting seal 
capacity, flow of salt around boreholes and in geomechanical modelling of the salt 
loading (compression) of the “stringer” reservoirs during production. Thus, the aim of 
our deformation experiments was to obtain as much as possible information on the 
rheological properties of Ara Salt under in-situ conditions and low strain rates, 
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corresponding to deformations around a producing carbonate stringer reservoir over 
decades. 
1.2 Deformation mechanisms in halite 
Based on laboratory experiments, deformation of halite at high (or medium) confining 
pressures is dominated by different deformation mechanisms: dislocation cross-slip 
(CS), dislocation climb (CL) and pressure solution (PS). Several studies on natural 
halite indicate that at geological strain rates salt is in the transition regime where both 
dislocation creep and solution-precipitation creep mechanisms operate (e.g. Ter 
Heege et al., 2005). Assuming that dislocation creep processes and pressure solution 
act in parallel and in absence of microcracking, the steady-state flow of natural halite 
can be approximated by the following equation (Spiers & Carter, 1998): 
           
 ?• = ?• CS + ?• CL + ?• PS        (1) 
 
where  ??  is the total strain rate in s-1, CS and CL are strain rates from dislocation creep 
processes, and PS is the strain rate from pressure solution. 
Dislocation creep behaviour is characteristic in experiments using natural samples 
with grain sizes over 2 mm. The deformation mechanism is a combination of 
dislocation climb and dislocation cross-slip  (Carter et al., 1993), in wet halite usually 
accompanied with dynamic recrystallization by fluid-assisted grain boundary 
migration. The combined creep mechanism is usually treated as a single combined 
creep mechanism for practical reasons. For halite, the strain rate ( ?? ) can be related to 
the flow stress (?) using a power law creep equation: 
 
 
??  = A1 exp ?Q1
RT
?
??
?
?? (?1 ?? 3 )
n      (2)  
 
where the pre-exponential constant A is expressed in MPa-n s-1, Q is the apparent 
activation energy for creep in J mol-1, the gas constant R is in J mol-1K-1, the 
temperature T is in K, the differential stress (?1 - ?3) is in MPa and n is the 
dimensionless stress exponent. A somewhat more scientific notation would be: 
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     (2a) 
 
 
where A1 is in s-1, ? is the Von Mises stress in MPa (=  ?1 - ?3 for triaxial loading) and 
?# is a unifying constant of 1 MPa. 
2 Methods 
2.1 Triaxial creep tests 
The triaxial creep tests were carried out at the laboratories of the Bundesanstalt für 
Geowissenschaften und Rohstoffe (BGR), in Hannover, Germany. The creep tests 
were performed on cylindrical 50 x 100 mm samples and designed to best represent 
the in-situ conditions at a depth of ? 5 km in the Ara Salt interval. For all experiments 
sample preparation was the same, which involves adding 50 or 20 ml brine (? 35 
drops) in between the jacket and the sample to restore the small amounts of water, 
which is always present in natural salt rocks (Roedder, 1984; Urai et al., 1986) but 
may have been lost during storage. The sample was put into the creep machine 
together with a thin Teflon foil between the ends of the sample and driving the pistons 
to minimize friction and barreling. The starting (confining) pressures were pc = 3.5 - 4 
MPa with a starting stress of ?1 = 4.5 MPa and 6 MPa. After this, the sample was 
heated up to the required temperature (80, 100, 120 °C) with < 30 ºC/h. The pressure 
was then increased hydrostatically with ~ 1 MPa/min until pc = 70 MPa and ?1 = 72 
MPa. During the experiments the pc was kept at ~ 70 MPa. The samples were 
dismantled and machined down (de-barreling) at 10% and 20% or at 15% depending 
on the test sequence. 
2.2 Microstructure analysis 
From the original halite cores we cut a 1 cm thick slab parallel to the long axis of the 
core, using a diamond saw cooled by water to avoid microcracking of the sample. 
This slab is used as an undeformed reference material. From the remaining material 
cylindrical samples were machined down for the creep tests. After the creep tests, 1 
n
RT
Q
A ???
?
???
???
???
? ?
=
#
1
1 exp ?
???
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cm thick slabs were cut from the deformed cores parallel to the deformation axis. 
Following the conventional method at the institute of Geologie–Endogene Dynamik, 
RWTH Aachen, from both slabs, the experimentally undeformed material and the 
experimentally deformed material double polished and etched thick sections (? 1.5 
mm) were prepared.  
Note that, for the sake of simplicity, we introduced short laboratory sample names to 
refer to the Ara Salt samples (AS) and experiments, respectively (e.g. AS 1). For 
similar reasons, we use the term of “undeformed” for denoting the naturally deformed 
samples and the term “deformed” for experimentally deformed samples.  
3 Results and Discussion 
3.1 Triaxial creep tests 
In this paragraph we describe some of the six deformation tests, which is followed by 
a characterization of the corresponding microstructures. Six creep tests were 
performed and corrected for measured piston friction (1.5 MPa). All but one are strain 
rate stepping tests performed at 100 °C. 
The stress-strain curve of experiment AS 4 shows three steps, which correspond to a 
temperature decrease from 120 °C (0 - 10%), to 100 °C (10% - 20%) to 80 °C at 20% 
- 30% strain (Fig. 2c). Each temperature step of this test is characterized by an 
increase of ? 2 MPa in differential stress due to the decreasing temperature. Steady 
state flow occurred in all temperature steps. This test was designed to estimate the 
activation energy Q for the secondary creep law. 
The AS 9 test was performed at a constant strain rate of 10-7 s-1 to a total strain of 
about 27% (Fig. 2e). The resulting microstructures of both processes, i.e. subgrains 
and lobate grain boundaries were observed in this sample (Figs. 5a and 5c).  
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Figure 2. Stress-strain curves for Ara Salt creep experiments; test parameters are indicated by 
insets. a) Creep test AS 1 shows primary creep until a strain of ? 17%, followed by steady 
state creep. b) Each strain rate step of test AS 2 shows continuous strain hardening. The gap 
at 15% strain is due to interruption of the test during machining down the sample. c) Stress-
strain curve for the AS 4 experiment at a strain rate of 10-7 s-1 and three temperature steps. d) 
Creep test AS 5 has three strain rate steps. True steady state conditions were only reached 
between 8 - 10% strain in the 5 x 10-8 s-1 strain rate step, while the other steps still show signs 
of strain hardening. e) The creep curve of sample AS 9 shows steady state from a strain of ? 
8%. Small oscillations may be a result of competing processes of strain hardening and strain 
softening. f) Creep curve of test AS 10 shows three strain rate steps from 10-7 to 10-5 s-1. The 
10-6 s-1 step appears to approach steady state in the last few percents of strain. 
 
The differential stress and steady state strain rate data were plotted in order to 
determine the relative position of the Ara Salt rheology to other reported halites (Fig. 
3). The reason for the lack of the steady-state conditions in some experiments (AS 2 
and partially AS 10) results from the relatively high strain rate. Only the rates at or 
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below 10-7 s-1 displayed steady state within 10-15% of strain. Figure 3 shows that Ara 
Salt rheology is comparable with the most common halite (e.g. Asse, Gorleben) for 
which an extensive dataset is available (Table 1). As a result of the limited range in 
strain rates at which steady state creep occurred, it is impossible to pinpoint the exact 
power n. With some assumptions on the primary creep mechanism, we can limit the 
range to about 4 - 6. We assume that in-situ, the Ara Salt has the most commonly used 
stress exponent n for halite, which is ? 5. 
 
Figure 3. Experimental creep data from the Ara Salt tests (black symbols). For comparison 
the test results are plotted with halite from various sources (gray triangles), which has been 
deformed under similar conditions, i.e. at 100 °C (Hansen & Carter, 1984; Senseny, 1988; 
Horseman & Handin, 1990; Hunsche et al., 2003; Ter Heege et al., 2005).  
 
In the literature, many flow laws were published for different types of halite (Table 
1). These flow laws differ in A, Q and n values. If we assume the n = 5 value 
discussed above, we are able to deduce the minimum activation energy Q from the 
stepped temperature experiment AS 4 by plotting 1/T versus ln (differential stress). 
Then, Q is 32400 J mole-1 and the pre-exponential A is 1.82 x 10-9 (MPa-n) s-1 (Table 
1 and Eq. 2 and 2a). 
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Source Halite type A (MPa
-n
 s
-1
) Q (Jmol
-1
) n 
Wawersik & 
Zeuch (1986) 
Salado 8.82E-06 50160 4.9 
 Salado 2.71E-03 69180 5.1 
 Asse 7.26E-06 53920 5.0 
 West Hackbr. 3.15E-05 54840 4.7 
 Bryan mound 8.93E-05 63290 4.5 
 Bryan mound 7.78E-03 74530 5.2 
 Bayou Choctaw 3.94E-06 49450 4.1 
Spiers et al. 
(1990) 
Synthetic 4.70E-04 24530 3.0 
Carter et al. 
(1993) 
Avery Island 1.60E-04 68100 5.3 
 Avery Island 8.10E-05 51600 3.4 
Ter Heege et al. 
(2005) 
Synthetic wet salt 2.75E-02 80000 5.6 
This study Ara Salt 1.82E-09 32400 5.0 
Table 1. Literature creep data for various halite types and data from this study.  
 
3.2 Microstructural evolution 
3.2.1 Undeformed samples 
 
The starting (undeformed) material consists of almost pure colourless halite with 2 - 
3% impurities of fine-grained idiomorphic anhydrite crystals and minor fine-grained 
carbonate grains. Grain size analysis revealed a grain size distribution between 0.5 - 7 
mm with a mean equivalent circular diameter (ECD) of 2 mm.  
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Figure 4. Microstructures of undeformed samples. a) Transmitted light micrograph shows 
relicts of a primary crystal with numerous fluid inclusion bands and fluid-filled tubes and 
bubbles at grain boundary in lower part of micrograph (sample AS 1). b) Transmitted light 
micrograph of sample AS 9 shows arrays of fluid-filled tubes and isolated fluid inclusions at 
grain boundaries. c) Reflected light micrograph shows ? 200 µm-sized subgrains in crystal 
upper right and strain-free crystals below. Note array of fluid inclusions (arrow) indicating 
position of a grain boundary before migration (sample AS 1). d) Reflected light micrograph 
shows less substructured grain with elongated subgrains (arrow). Grain boundary is 
interpreted to have migrated to lower left. Note small (new) strain-free crystal in large (old) 
subgrain-rich crystal at upper left (sample AS 1). 
 
In all samples, some anhedral grains contain cube-shaped fluid inclusions in its 
centre, which are aligned in more or less parallel bands alternating with fluid 
inclusion-poor bands (Fig. 4a). Analyses of homogenization temperature of similar 
fluid inclusions microstructures suggest that one pair of a fluid inclusion-rich and a 
fluid inclusion-poor band reflect daily temperature variations of the brine, from which 
the crystal precipitated (Benison & Goldstein, 1999). Thus, such grains are considered 
to be of primary (syn-depositional) origin (Roedder, 1984). Grain boundaries 
generally contain abundant isolated and amoeboid fluid inclusions under transmitted 
light (Fig. 4b), which probably derive from the liberation of the primary fluid 
inclusions due to grain boundary migration recrystallization (GBMR) (Schléder & 
Urai, 2005). When the migrating grain boundary reaches the fluid inclusion, its 
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content is collected and redistributed at the grain boundary (Schenk & Urai, 2005). 
Under reflected light, GBMR is also indicated by strain-free crystals, which show 
lobate grain boundaries related to substructure-rich grains (Fig. 4c). Fluid inclusions 
trails, which are aligned parallel to the lobate grain boundaries and terminations of 
small isolated fluid inclusions at the grain boundary, indicate that GBMR was fluid-
assisted. Other less substructured grains show elongated subgrains with an orientation 
perpendicular to grain boundaries (Fig. 4d). This points to the operation of dislocation 
creep processes due to GBMR. 
The experimentally undeformed samples are (incompletely) dynamically 
recrystallized as shown by anhedral primary grains (Fig. 4a). Grain boundary 
migration processes are indicated by substructure-free grains, which show a lobate-
shaped geometry with respect to the substructured ones. Under reflected light, most 
grains show 150 - 300 µm-sized subgrains (Fig. 4c), which indicate a maximum past 
differential stress of ? 1 MPa (subgrain size piezometry using data of Carter et al., 
1993 and Franssen, 1993; for results see Table 2). 
 
Sample No. of subgrains Subgrain diameter (µm) Differential stress (MPa) 
AS 3 106 222 0.96 
AS 9 76 208 1.01 
Table 2. Maximum in-situ differential paleo-stress of undeformed Ara Salt cores calculated 
from subgrain size.   
 
3.2.2 Deformed samples 
The final microstructure (after 25 - 30% strain) of the deformed Ara Salt shows that 
grain size slightly decreased (average grain size is ? 1.5 mm). Most grains exhibit 
internal substructure such as ? 30 µm-sized subgrains (Fig. 5a) and linear to wavy slip 
lines (Fig. 5b), the latter probably indicating cross slip of screw dislocations (Carter et 
al., 1993). The substructured grains are, in places consumed by new strain-free grains 
(Figs. 5a and 5c-d) by grain boundary migration, which is shown by highly serrated 
grain boundaries (Fig. 5c). Those grain boundaries show less fluid inclusions than 
grain boundaries in the undeformed samples. 
The most significant differences between microstructures of the starting and deformed 
material are: 
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• subgrain size reduction from 150 - 200 µm to 10 - 50 µm 
• no crystals with (primary) fluid inclusion bands were observed in the 
 deformed samples 
• presence of slip lines in the deformed samples 
• replacement of grains with 150 - 200 µm-sized subgrains by almost strain-free 
 grains in deformed samples 
 
Figure 5. Reflected light micrographs of deformed samples. a) Sample AS 9 shows grains 
with much smaller subgrain size as in corresponding undeformed sample (compare with fig. 
4b). Note development of new strain free grain between old dislocation-rich grains. b) 
Micrograph shows linear to wavy slip lines, running from upper right to lower left. The slip 
lines abruptly end at grain boundaries lower left and centre right, which is probably the result 
of later replacement by GBMR (sample AS 1). c) Highly serrated grain boundary between 
“new” strain-free grain (upper right) and substructured “old” grain. d) Micrograph shows 
complex structure in sample AS 1: “old” grain lower left (with ? 200 µm-sized subgrains) is 
partly replaced by “new” grain at lower right (with ? 20 µm-sized subgrains). Large grain at 
the upper part of image showing elongated sub-grains replaced “old” and “new” grain. 
Finally, the subidiomorphic grain at the right grew at the expense of all grains. 
  
We interpret these differences due to dynamic recrystallization of the halite during the 
experiments, which produces some obvious changes in the microstructure. This is 
shown for instance by the absence of primary fluid inclusion bands, which have been 
consumed by GBMR. It has been shown that dislocation creep processes were active 
during the experiments, which are responsible for the continuous strain hardening at 
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the higher strain rates. This is indicated by reduced subgrain size and the presence of 
slip lines. During deformation with the very low strain rates GBMR most likely 
operated in the later stage of the experiments (probably due to strain softening) as 
suggested by new strain-free grains grown at the expense of grains exhibiting 10 - 50 
µm-sized subgrains. GBMR most likely removed the primary fluid inclusions, which 
were then liberated during fluid-assisted grain boundary migration. 
3.3 Primary versus secondary creep  
The test results were fitted with a combined hardening and softening law, the 
hardening (primary creep) law being derived from Fokker (1995), which can be 
translated to a Lemaître type of creep equation. The primary creep mechanism is not 
important for halite response on reservoir rocks (given the slow loading during 
decades) but might be of importance for bore hole closure during drilling. Unravelling 
the mechanism gives some clues on the applicable mechanisms. 
Equation 3 shows the applied hardening and softening law. The total (vertical) strain 
is denoted by ?, the strain softening by secondary creep (calculated via Equation 2a) is 
denoted as ?s and a correction strain is denoted by ?corr.     
      
 
 
?• = A
p
exp
?Q
p
RT
?
??
?
??
?
?
0
(? ? ?
s
? ?
corr
)?
?
??
?
??
m
    (3) 
The correction strain is some strain hardening or strain softening effect due to the 
coring, machining or annealing, when no strain rate is applied on the sample. It is 
likely that during the build-out, build-in procedure for machining down the sample, 
some “strain softening” or annealing occurs, evidenced by repeated strain hardening 
effects at unchanged rates. Since the strain rate stepping was only performed at 
constant temperatures, we presumed an activation energy equal to the secondary creep 
mechanism (Qp = Qs), a hypothesis which was not tested.  
The best fitting set of parameters for all creep tests appears to be: m = 10; ? = 0.18; ?0 
= 22 MPa; Ap = 0.00354 s
-1. Note that ?0 is interdependent with Ap and m. The 
primary creep law hence only requires 3 parameters to fit for constant temperature 
tests. 
Figure 6 shows the resulting stress-strain simulation for the test on sample AS 5. The 
best fit could be obtained by assuming a negative (hardening) strain correction of 4% 
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at the beginning of the test and positive strain (softening) of 4% and 1.5% during the 
mounting and machining of the samples. 
 
Figure 6. Creep rate fit for sample AS 5 with increasing creep rates of 5 x 10-8 s-1, 5 x 10-7 s-1 
and 2 x 10-6 s-1. The triangles represent the fit. 
 
3.4 Test procedures 
The applied test temperature of 100 °C is simply too low to obtain steady state creep 
at strain rates that differ an order of magnitude and are within the strain rate potential 
of the applied test apparatus. If similar tests should be repeated, it should be 
considered to run constant stress test for the lower strain rates or to modify the 
machines to be able to handle slower strain rates (10-8 s-1).  
When halite samples are strained to 20 - 30%, they require machining down to 
prevent excessive barrelling and sleeve failure. Advantage of using the same sample 
for 2 - 3 tests is that one is sure that there is no sample-to-sample variation. The high-
achieved strains do not enhance the reaching of steady state though, since healing 
effects are operating in the period that the sample is reworked, part of the period 
being at or near the test temperature. For the derivation of steady state parameters it is 
hence important to obtain steady state within 10 - 15% of strain, hence applying low 
strain rates or high(er) test temperatures. 
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4 Conclusions 
The Ara Salt is comparable with the most common halite rocks for which an 
extensive dataset is available (e.g. Hunsche et al., 2003).  
The basic results and conclusions are summarized: 
1. The steady state mechanical data for the Ara Salt can be described by a power 
law equation with n = 5, Q = 32400 J mole-1 and A = 1.82 x 10-9 s-1. Separate primary 
creep parameters have been derived. 
2. Microstructure analysis has shown that dislocation creep processes led to the 
reduction in sub-grain size and the formation of (wavy) slip lines. In addition, fluid-
assisted grain boundary migration recrystallization triggered growth of new strain-free 
grains, which replaced grains with a high dislocation density. 
3. Test procedures for “deep salt” should be focused on obtaining steady state 
creep within 10-15% of strain with at least one order of magnitude in strain rates. 
Tests in the twilight zone of primary and secondary creep are more difficult to 
analyze. 
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Appendix 
 
Figure 1. Reflected light micrograph of undeformed sample AS 3 showing new strain-free 
crystal at upper left, replacing ‘old’ subgrain- rich grains. Note large subgrain size compared 
to the following deformed example. 
 
Figure 2. Reflected light micrograph of experimentally deformed sample AS 9, showing very 
small subgrains and ‘new’ strain-free crystals. 
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Figure 3. Reflected light micrograph of experimentally deformed sample AS 1, showing 
relicts of ‘old’ grains (centre) with large subgrains, which are partly replaced by new crystals, 
showing small subgrains. Note the serrated grain boundaries of old grain in centre, due to 
grain boundary migration recrystallization. 
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Chapter 7: Internal dynamics of deeply rooted and 
surface-piercing salt domes of the Ghaba Salt Basin, 
Interior Northern Oman* 
 
Johannes Schoenherr, Lars Reuning, Ansgar Heimann, Janos L. Urai, Ralf Littke, 
Peter A. Kukla, Zuwena Rawahi
 
 
Abstract 
This article presents insights into the internal dynamics of deeply rooted salt diapirs. 
Diagenetic processes and the structural evolution of carbonate inclusions, which were 
rising within salt diapirs and ultimately pierced the surface in the Ghaba Salt Basin 
(GSB) of interior Oman, were studied. The carbonates and associated evaporites of 
these salt domes constitute an important outcrop analogue for the Late Precambrian to 
Early Cambrian intra-salt carbonate reservoirs (so-called ‘stringers’) in the deep 
subsurface (3-6 km) of the South Oman Salt Basin (SOSB). This study includes a 
direct comparison of published data on deformation structures, diagenesis, organic 
matter maturity and carbonate geochemistry of the extensively cored ‘stringer’ play in 
the SOSB with its equivalents from the surface-piercing salt domes in the GSB. 
Maturity analyses of solid reservoir bitumen of the stringers in the salt domes indicate 
a range of maximum burial temperatures of 150 – 300 °C, which shows that the 
‘stringers’ were buried to a depth of up to 10 km. Published work proposes that after 
burial of the salt diapirs, basement-rooted strike-slip faulting triggered reactivation as 
compressive diapirs. In two of the fault-controlled salt domes white dolomite veins 
displaying the so-called ‘zebra’ fabric contain a hydrothermal mineral paragenesis, 
which strongly suggests transport of hot external fluids through the faults and the Ara 
salt into the intra-salt ‘stringers’. Subsequent growth of the salt diapirs led to the 
formation of various deformation features of the ‘stringers’ such as isoclinal folds, 
thrust and normal faults, cataclasites and dilational breccias due to the high flow 
                                                
* Schoenherr, J., Lars Reuning, Ansgar Heimann, Janos L. Urai, Ralf Littke, Peter A. Kukla, 
Zuwena Rawahi, in preparation. Internal dynamics of deeply rooted and surface-piercing salt 
domes of the Ghaba Salt Basin, Interior Northern Oman.  
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stresses (? 5 MPa) in the diapir stem. Prior to active piercing of the surface, the crest 
of the salt diapir underwent intense dissolution by flowing groundwater, which led to 
the formation of anhydrite caprock and to a shift towards lower ?18O values of the 
carbonates (compared to the isotopic signature of the SOSB) due to dedolomitization 
in the presence of meteoric waters in a diagenetic open system. Strong dissolution 
near and at the surface ultimately led to structural reorganization and a chaotic 
juxtaposition of the ‘stringers’ in the salt domes. 
 
1 Introduction 
The study of large rock inclusions (so-called ‘rafts’, ‘floaters’ or ‘stringers’) in salt 
diapirs is of broad economic interest as they constitute profitable hydrocarbon 
reservoirs or represent potential drilling risks due to their high fluid overpressures. 
The uplift mechanisms and associated controls on the internal deformation of a salt 
diapir has been subject of controversial debates in the past 15 years (Talbot & 
Jackson, 1987; Kupfer, 1989; Talbot & Jackson, 1989; Gansser, 1992; Talbot & 
Weinberg, 1992; Gansser, 1993; Weinberg, 1993; Koyi, 2001; Callot et al., 2006).  
The Iranian salt domes expose inclusions, which are up to 6 km2 in area and ? 80 m 
thick, comprising basic volcanics, igneous rocks or sediments such as anhydrite and 
carbonates, which are commonly interpreted as interlayered with the primary rock salt 
lifted from up to 10 km with the rising salt diapir to the surface (Kent, 1979; Gansser, 
1992; Talbot & Jackson, 1987). Numerical calculations of Weinberg (1993) have 
shown that the transport mechanisms of intra-salt inclusions depend on breaking, 
sinking and acceleration of an inclusion, and on the steady state vertical velocity 
achieved by the diapir at a later stage. In trying to deduce the style of internal 
kinematics of the Iranian salt domes from the structural configuration of the 
outcropping inclusions, Talbot & Weinberg (1992) argued that the concentric shapes 
of many salt domes observable in the Kavir area in air photographs (Jackson et al., 
1990) are a result of circulation within the diapir driven by viscous drag of country 
rocks sinking around it with similar strain rates. By this process, the initial internal 
stratigraphy develops into a mushroom-shape, resulting in gentle dips of the intra-salt 
inclusions for most portions of the upper level of a diapir.  
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Results from analogue modelling have shown that brittle layers passively follow the 
vertical ascent of ductile layers from the earliest stages until cessation of diapir 
evolution (Escher & Kuenen, 1929; Koyi, 2001; Callot et al., 2006). During this 
evolution, the embedded inclusions underwent stretching, leading to boudinage and 
rotation against the vertical boundaries of the diapir. As the diapir growth and salt 
supply stops, the inclusions start to descend within the diapir, which initiates an 
internal (secondary) flow within the salt diapirs. During this process, the inclusions 
undergo folding and create shear zones at the immediate contact with the salt. From 
these insights, one could expect that the structural configuration of inclusions at the 
surface is strongly influenced by the internal kinematics (flow patterns) of a salt 
diapir. However, detailed mapping of mining galleries in structural shallow levels of 
various salt diapirs revealed highly complex arrangements of isoclinal and overturned 
folds with all geometrically possible shapes and orientations (see Talbot & Jackson, 
1987 and references therein). Besides the complexity of the internal structural 
geology developing during the rise of (natural) diapirs, strong dissolution near and at 
the surface leads to a structural reconfiguration of the inclusions (Talbot & Jackson, 
1987; Weinberg, 1993), which masks interpretations on the style of salt tectonics. 
Most of the insights on the structural evolution of salt-encased inclusions during 
diapir rise emerged from the interplay of information from satellite images, air 
photographs and fieldwork (primarily from the Iranian salt domes) by the workers 
cited above. These observations give valuable insights into the processes, occurring 
during final diapir evolution. However, none of these works aimed to investigate the 
internal processes of intra-salt inclusions during diapir rise. 
Six surface-piercing salt domes in the Ghaba Salt basin (GSB) of northern interior 
Oman provide the unique opportunity to compare data on structural geology, 
diagenesis and geochemistry of carbonate inclusions, which are the lithological 
(outcrop) equivalents to deeply buried intra-salt carbonates (so-called ‘stringers’) in 
the South Oman Salt Basin (SOSB) (Fig. 1). Several field surveys to the salt domes of 
the GSB were made by petroleum geologists since the early 1950s with the aim to 
constrain the stratigraphic position of the exposed exotic blocks. Currently, the only 
work published on the surface-piercing salt domes clearly documented that the major 
constituent rocks are carbonates and evaporites of the Late Precambrian to Early 
Cambrian Ara Group, which constitutes a 3 to 6 km buried hydrocarbon play in the 
SOSB (Fig. 1) (Peters et al., 2003). The Ara Group in the SOSB deposited as a six-
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cyclic sequence of carbonates and evaporites, which developed into large salt diapirs 
due to passive downbuilding. The carbonates are fully enclosed within the salt, 
forming the perfect seal for hydrocarbons in the carbonate ‘stringers’, while some of 
the Ara Group salt diapirs in the GSB were re-activated along Late Cretaceous 
basement-rooted strike-slip faults such as the surface-piercing salt domes studied for 
this paper. 
The aim of this paper is twofold: First, to add detailed observations from satellite 
images and fieldwork to the comprehensive work of Peters et al. (2003) to better 
constrain the dynamics of salt teconics in North Oman. Second, to compare and 
contrast data on lithology, organic matter maturity and diagenesis with existing data 
from the deeply buried Ara Group in the SOSB to better understand the regional 
development of Ara Group lithology, the reservoir quality evolution and diagenetic 
processes, occurring during uplift of a salt diapir.  
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Figure 1. Overview map shows the Late Precambrian to Early Cambrian salt basins of 
interior Oman (shaded in grey) (modified after Peters et al., 2003 and Schröder et al., 2005) 
with the location of the six surface-piercing salt domes Qarn Sahmah (QS), Qarat Kibrit 
(QK), Qarat Al Milh (QM), Qarn Nihayda (QN), Qarn Alam (QA) and Jebel Majayiz (JM) in 
the Ghaba Salt Basin (GSB). Note that JM and QM are positioned at the Maradi fault zone 
and QK at the Burhaan fault zone. In this study, we compared data from cores from the intra-
salt Ara ‘stringer’ play in the Harweel and Birba exploration area of the SOSB with new data 
from the equivalent ‘stringers’, outcropping in the GSB.  
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2 Geologic setting  
2.1 The Ghaba Salt Basin 
The six-surface piercing salt domes are located in the Ghaba salt basin (GSB), which 
is one of three evaporitic basins constituting the deep subsurface of interior Oman 
(Fig. 1). The GSB together with the SOSB contain to one belt of salt basins, which 
generally developed due to Neoproterozoic extensional rifting of the Arabian plate 
along the N-S Arabian Trend (Loosveld et al., 1996). The so-called Ara salt in Oman 
is the widely accepted equivalent to the Hormuz salt, which forms a number of basins 
in south Iraq, southwestern Iran, Kuwait and all the Persian Gulf to the Salt range of 
Pakistan before plate displacement (Gorin et al., 1982; Edgell, 1991). In detail, the 
salt basins of interior Oman follow a NE-SW alignment (Aulitic Trend), which acted 
as left-lateral strike-slip faults in the basement during Late Precambrian to Early 
Cambrian times (Loosveld et al., 1996). In the SOSB and the GSB, this basement is 
overlain by the Huqf Supergroup, which comprises volcanics and siliciclastics (Abu 
Mahara Group), carbonates with intercalations of sandstone (Nafun Group) and a 
carbonate to evaporite sequence, termed as the Ara Group (Amthor et al., 2003; 
Amthor et al., 2005). See Fig. 2 for detailed chronostratigraphy of interior Oman.  
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Figure 2. Chronostratigraphic summary of rock units in the subsurface of interior Oman 
(from Peters et al., 2003). The ‘infra-Cambrian’ Ara Group carbonate to evaporite cycles, 
which constitute the six surface-piercing salt domes is schematically highlighted in the 
lithostratigraphic column and in cross section A-A’ (5 times vertical exaggeration); see Fig. 1 
for location. 
  
In the SOSB and partly in the GSB, the present distribution of the Ara salt in the form 
of diapirs (Fig. 2) is a product of post-depositional salt movement triggered by 
differential loading of thick continental clastics onto the mobile substrate of the Ara 
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salt (Loosveld et al., 1996). In the SOSB, the Ara salt forms the top, side and bottom 
seal for the Ara hydrocarbon carbonate ‘stringer’ play. While the Ara salt diapirs in 
the SOSB remained unchanged after the phase of passive downbuilding, the Ara salt 
diapirs in the GSB underwent reactivation followed by active piercing (Loosveld et 
al., 1996; Peters et al., 2003; Filbrandt et al., 2006).   
So far, seismic and field data of Peters et al. (2003) represent the only comprehensive 
work focussed on the six surface-piercing salt domes in the GSB. Their seismic cross 
sections show that the salt domes Jebel Majayiz and Qarat Al Milh are situated within 
the basement-involved Maradi fault zone (Fig. 1) with the local development of rim 
synclines and a maximum depth of ? 10 km (Fig. 2). In addition, the diapirs are 
surrounded by a complex network of normal, strike-slip and reverse faults, pointing to 
a temporarily compressive stress field. A recent study on the kinematic and structural 
evolution of North Oman since the Late Cretaceous further showed that active 
piercing of the strata overlying the Ara salt and ultimately of the surface was initiated 
by the development of deep-rooted sinistral strike-slip faults, such as the far-reaching 
Maradi fault zone and the Burhaan fault (Figs. 1, 2 and 3a-b) in Late Cretaceous at the 
time of thrusting of the Oman ophiolites (Filbrandt et al., 2006). This age is inferred 
from growth of the Fiqa Formation within the Maradi fault zone and towards the 
Burhaan fault, showing that these faults had accommodated significant extensional 
offset during Late Santonian and Campanian. The Maradi fault zone comprises a 
number of faults, which cut through the Fiqa Formation down to the Haima 
Supergroup (see Fig. 2 for stratigraphy). Latest movements along the Maradi fault 
zone occurred in Late Neogene times as shown by folded Plio-Pleistocene wadi 
gravels on the fault (Hanna & Nolan, 1989). Directly below the earth surface, the Ara 
salt diapirs are characterized by a pillow-like geometry with very long diapir ‘stems’ 
(Fig. 3b).  
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Figure 3. Geometry of surface-piercing salt dome Qarat Kibrit from seismic data. a) Isopach 
map between Natih and top Gharif, showing the NNW striking Burhaan fault with location of 
salt dome Qarat Kibrit (QK) and Maradi fault zone. Section AB is shown in b) Seismic cross 
section through Qarat Kibrit diapir with interpreted tops (see Fig. 2 for startigraphy) and 
outline of diapir shape. Nimr = Early Cambrian, Gharif = Permian, Natih = Upper Early 
Cretaceous.  
 
The field work of Peters et al. (2003) provided new data on the lithological, 
startigraphic and sedimentological characteristics of the six surface-piercing salt 
domes and clearly showed the affinity of the constituent lithologies to the well-known 
infra-Cambrian Ara Group from the subsurface hydrocarbon plays of the SOSB (Fig. 
4). 
2.2 Excursus to the South Oman Salt Basin 
The lithologies of the six surface-piercing salt domes are mainly composed by Ara 
Group evaporites and carbonates, which are clearly correlated to the Ara intra-salt 
hydrocarbon plays of the SOSB (Peters et al., 2003). From work on drill cores from 
the SOSB, it is known that the Ara Group spans the Pre-Cambrian-Cambrian 
boundary (Amthor et al., 2003) and consists of marine platform sediments, 
representing at least six third-order cycles of carbonate to evaporite sedimentation. 
Each cycle is characterized by the sedimentation of Ara salt at very shallow water 
depths, followed by the deposition of 20 to 220 m thick isolated carbonate platforms 
(so-called “stringers”) in deeper basins during trangressive periods (Mattes & 
Conway Morris, 1990). Bromine geochemistry of the Ara salt (Schröder et al., 2003) 
and marine fossils (Amthor et al., 2003) clearly indicate a seawater source for the Ara 
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evaporites. In the SOSB, the Ara Group cycles are termed A0 to A6 from bottom to 
top (Al-Siyabi, 2005 and Fig. 2).  
Cores from the Ara carbonate cycles A1C to A4C contain up to 5 sequences and 
display very repetitive patterns of facies. The common feature of the stringers A1C to 
A3C is the presence of the Late Neoproterozoic fossils Cloudina and Namacalathus  
(Amthor et al., 2003). The A1C shows one sequence of finely laminated dark 
carbonates interpreted as basinal facies to peritidal grainstones and thrombolites in the 
top section. The A2C is typical laterally very extensive and contains 4-5 sequences 
with a breccia surface recognizable in most A2C stringers, which represent the most 
prolific hydrocarbon reservoirs in the SOSB. The A3C interval contains 2-3 
sequences and shows very similar facies to the A2C but is always thicker than 100 m 
(person. commun. J. Grotzinger). The A4C is the only interval with clearly 
correlatable signals and is characterized by an enrichment of uranium, a thorium 
anomaly (Schröder & Grotzinger, 2007), the absence of the body fossils Cloudina and 
Namacalathus and a negative ?13C excursion (Amthor et al., 2003). However, these 
markers were only found in the Birba exploration area and do not occur in the 
Harweel exploration area. The A5C and A6C intervals are generally composed of 
similar facies as the A1C to A4C and partially show isolated ‘pinnacle’-like 
thrombolite reefs. Both intervals have been shown to be mostly non-producing 
reservoirs. Seismic sections show that the A5C consists of several structurally 
segmented slabs, which are in some parts of the basin overlain by the A6 clastics (Al-
Siyabi, 2005; Fig. 2).  
The main reservoir facies of the A4C in the Birba Area (see Fig. 2) comprise ‘crinkly’ 
laminites of the outer ramp and stromatolites and thrombolites of the inner ramp 
(Schröder et al., 2005). Generally, the shallow-platform carbonate facies of the Ara 
Group consists of grainstones and laminated stromatolites, while the platform barrier 
is formed by stromatolites and thrombolites (Fig. 4). Slope facies includes organic-
rich laminated dolostones and the basinal facies is dominated by sapropelic laminites 
(Al-Siyabi, 2005). The total thickness of the carbonate platforms varies between 20 to 
220 m. During seawater highstands, prolific oil source rocks have been formed in the 
deeper (some hundreds of meters), periodically anaerobic to dysaerobic parts of the 
basin (mainly slope and basinal mudstones in Fig. 4). Density stratification of 
seawater allowed preservation of a sufficient amount of organic material in the 
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bottom layers as high productivity of algal material in the upper water layers was 
present (Mattes & Conway Morris, 1990). 
 
Figure 4. Generalized facies distribution of an Ara carbonate platform with interpreted 
reservoir and source rock occurrences from the SOSB (Al-Siyabi, 2005). 
 
The Ara evaporites include halite and anhydrite, which replaced primary gypsum 
(Mattes & Conway Morris, 1990; Schröder et al., 2003). Increasing seawater salinity 
due to basin regression led to the depositional succession carbonate-sulphate-halite, 
which in turn proceeded into the succession halite-sulphate-carbonate during the 
following sea level rise. Anhydrite overlying the carbonate is termed “roof anhydrite”, 
while anhydrite above the halite is referred to as the “floor anhydrite”. Both horizons 
can be up to 20 metres thick. The thickness of the Ara Salt is 50 - 200 m in the A1 to 
A4 cycles and can exceed 1000 m in the A5 and A6 sequences (Schröder et al., 2003).  
3 Samples and methodology  
3.1 Samples 
In total, we investigated 83 carbonate samples from all of the six surface-piercing salt 
domes. Out of the 83 samples, 38 thin sections were prepared and stained with 
Alizarin Red S to differentiate dolomite from calcite. Bulk rock powders of 15 
samples were analyzed with X-ray diffraction (XRD) analysis using a D 5000 
diffractometer. Total organic carbon was analyzed for 55 samples, 42 carbonate 
samples for maturity assessment using solid bitumen reflectance (BRr) and 48 
carbonate samples for stable isotope analysis. 
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3.2 Stable Isotopes 
Oxygen and carbon isotope analyses were performed at the laboratory of IFM-
GEOMAR, Kiel (Germany). Carbonate powder was dissolved with 100% H3PO4 at 
75 °C in an online, automated carbonate reaction device (Kiel Device) connected to a 
Finnigan Mat 252 mass spectrometer. Isotope ratios are calibrated to the Vienna Pee 
Dee Belemnite (V-PDB) standard using the NBS-19 carbonate standard. Average 
standard deviation based on analyses of a reference standard is < 0.07‰ for ?18O and 
< 0.03‰ for ?13C. 
3.3 Solid bitumen reflectance (BRr) 
Maturity analysis requires a sufficient number (? 50) of reflectance measurements on 
vitrinite or solid bitumen particles to provide reliable data. Reflected light microscopy 
under immersion oil revealed that all of the GSB samples contain solid bitumen 
particles, which are too fine-grained (? 1 µm in diameter) to apply the conventional 
photometer method. Therefore, we measured the grey values (value of brightness) of 
the solid bitumen. For this method a Zeiss Axioplan microscope was interfaced with a 
Zeiss Axio digital camera and a desktop computer using a “Hilgers” instrument and 
the relevant software FOSSIL and DISKUS. The programs allow the direct 
conversion of grey values into mean random reflectance values (Rr in %). The 
calibration was applied using an Yttrium-Aluminium-Garnet (0.889% Rr) and a 
Gadolinium-Gallium-Garnet (1.714% Rr) at 10 V for a 40x/0.85 n.a. lens under 
immersion oil (ne = 1.518).  
3.4 Total organic carbon  
The assessment of the carbon content was performed with a LECO multiphase 
C/H/H2O analyser (RC-412). This instrument operates in a non-isothermal mode with 
continuous recording of CO2 release during oxidation, thus permitting the 
determination of inorganic and organic carbon in a single analytical run. All analyses 
were performed in duplicate and the results were averaged. 
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4 Results  
This chapter provides detailed observations on the sedimentological and structural 
architecture of constituent lithologies in the Qarn Nihayda and Jebel Majayiz salt 
domes from satellite images and fieldwork. Field data from salt dome Qarat Kibrit 
concentrate at one sampled outcrop.   
4.1 Qarn Nihayda  
4.1.1 Sedimentological observations 
The Qarn Nihayda salt dome comprises carbonate facies, which are very similar to the 
Ara carbonate facies described from the SOSB (e.g. Mattes & Conway Morris, 1990; 
Schröder et al., 2005). A number of profiles record gradual transitions from regressive 
conditions with elevated salinity to transgressive open-marine conditions. This is 
exemplarily indicated in a ? 30 m thick profile taken from a stringer marked in Fig. 5. 
At the base of the succession, crinkly laminites are overlain by laminated 
thrombolites, both indicating shallow water environment. Displacive anhydrite 
nodules in the thrombolites probably indicate a supratidal environment for their 
formation. An overlying sedimentary breccia, consisting of clasts of crinkly laminites 
and a fine-grained and laminated evaporitic (anhydrite-bearing) limestone matrix 
probably represents a reworked horizon due to flooding of undersaturated waters. 
This caused dissolution of evaporite cements and collapse of the crinkly laminite 
horizon. Residual anhydrite irregularly overlying the breccia may be the result 
(residual) of intense dissolution of previously deposited rock salt. The floodwater 
subsequently started to evolve as highly saline brine, which is indicated by a ? 15 m 
thick interval of light grey and finely laminated evaporitic limestone, which shows an 
increasing amount of gypsum rosettes and anhydrite nodules, which partially display 
‘chicken wire’ structures as a result of displacive growth, most likely indicating a 
supratidal environment. This interval is overlain by a massive in its lower part finely 
laminated light to dark grey limestone, showing a decreasing content of lath 
anhydrites, suggesting a change to more open marine conditions. The top of the 
succession is formed by alternations of finely laminated and dark grey limestones 
with light grey and massive (non-laminated) turbidites, indicating continuous 
deepening of the succession. The turbiditic limestones show slump folds, dewatering 
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channels and load casts; the latter two structures clearly indicate that this stringer is 
structurally inverted.  
 
Figure 5. Detailed stratigraphy of a 30 m thick interval of a stringer in the western part of 
Qarn Nihayda. Early sedimentary structures indicate that this stringer is inverted. See Figs. 6 
and 7 for location of this stringer. 
 
4.1.2 Structural observations 
The satellite image of Qarn Nihayda shows that the dome axis trends NW-SE. 
Detailed mapping revealed that the strike of most stringers is oriented parallel to the 
dome axis, however, some stringers have an angle of up to 80° rotated to the general 
NW-SE strike. This is mostly observed along laterally continuous stringer ridges, 
which are subdivided into several individual blocks (e.g. see western and eastern 
flank in Fig. 6). The dip of most stringers is between 45° and 90° with the steepest 
dipping stringers at the dome margins (Fig. 6). The stringers forming the dome centre 
in the northern part mostly show a chaotic juxtaposition of flat dipping stringers with 
various strike superimposed on NW-SE trending stringers (cross section A-A’, Fig. 
7). The simplified cross section B-B’ (Fig. 7) shows open folded stringers in the dome 
centre with the fold axis oriented parallel to the dome axis. In this cross section, 
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stringers in the eastern part dip to the east, while stringers in the western part dip the 
west. Despite of this overall configuration (common strike), the individual stringers in 
the western part can neither be correlated by the use of sedimentological nor structural 
features with the stringers in the eastern part.  
 
Figure 6. Satellite image of salt dome Qarn Nihayda (source: Google Earth, accessed in 
August, 2007). The outer rim of the dome is defined by upwards-dragged whitish Tertiary 
carbonates showing periclinal strike. The axis of the salt dome is oriented NW-SE, which 
corresponds to the overall strike of several ‘stringer’ ridges. The field photos highlight the 
complex and chaotic architecture of the stringers in the dome interior (black lines denote 
direction of dip). Note that the southern part is relatively smooth and essentially formed by 
anhydrite cap rock. Sampling (for solid bitumen reflectance and stable isotope analysis) was 
performed along the profiles A-A’ and B-B’, which are shown as simplified cross sections in 
Fig. 7. Green circle represents location of stratigraphic profile in Fig. 5. Red circle is location 
of sample showing the potential negative ?13C excursion representative for the A4C interval 
of the SOSB. 
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Figure 7. Simplified cross sections through Qarn Nihayda salt dome. Section A-A’ shows 
that most stringers dip to the west, while section B-B’ displays an overall symmetric stringer 
configuration with strike being parallel to the dome axis. Note horizontal alignment of some 
stringers on steeply dipping NW striking stringers. Location of cross sections is indicated in 
Fig. 6.    
 
In places, the stringers show two fold generations. The most northwestern stringer 
dips with 70° to the east and is characterized by gentle to tight asymmetric folds with 
east and west dipping limbs and a N-S trending fold axis (Fig. 8a). The second fold 
generation represents the gentle bending of the whole stringer with a steeply dipping 
and E-W trending fold axis, which is common in all of the six salt domes. This fold 
style is mostly difficult to observe in the field, as interlimb angles are in many cases 
up to 170°. It becomes more apparent in the satellite image by the slightly curved 
shape of some stringers. 
The most obvious deformation-related structures in the field are breccias associated 
with numerous whitish veins of calcite and dolomite (Figs. 8b-c). These breccias are 
very common and not tied to a specific lithology. The brecciated zones can be up to 2 
m wide and their boundaries are mostly very difficult to define as they show various 
irregular crosscuttings to the bedding. The associated veins are often oriented parallel 
and vertical to bedding, displaying ‘dike-and-sill’ structures (Fig. 8c), which generally 
form by hydrofracturing due to high fluid overpressures (Mandl, 2005). In some 
cases, the breccias define up to 1-m-wide damage zones, which are oriented vertical 
to the strike of the stringers and occur at the short end of the stringer, suggesting that 
these fault zones promoted tectonic dissection of whole stringer ridges. As the overall 
fold style of the stringers is open, it is difficult to observe crosscutting relationship 
between the tectonic breccias and folding. However, in minor cases it appears that the 
breccias are clearly incorporated into folding.  
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A few stringers show bedding-parallel and oblique (< 15°) thrust faults, which 
crosscut tectonic breccias (Fig. 8d). Because of lacking marker horizons, the 
displacements are not assessable. 
In addition, a number of faults oriented vertical to the bedding are defined by up to 7 
cm thick cataclasites (Fig. 8e), which are composed of sandy stromatolites (Fig. 8f), 
thrombolites or laminites showing slickensides on their fault planes. A slaty and fine-
grained fabric typically characterizes these cataclasites.  
The occurrence of massive blocks of anhydrite caprock is common in Qarn Nihayda 
and covers about 90% of the northern and the southern part (see white areas in Fig. 6). 
As observed in the Qarn Sahmah salt dome, whitish to yellowish anhydrite often 
forms the area in depressions between single stringer ridges in the centre of the dome. 
The mesoscopic fabric is characterized by thin laminaes of pink to whitish anhydrite 
alternating with dark ochre-coloured calcite laminaes (Fig. 12g). This fabric is often 
highly fractured and cemented by gypsum or anhydrite (Fig. 12h).   
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Figure 8. Overview of deformation-related field fabrics in Qarn Nihayda. Red cap of pencil is 
5 cm long. a) Open fold indicated by stippled line with a N-S trending fold axis. b) Highly 
brecciated laminite showing angular fragments of various size cemented by white calcite, 
which strongly depleted ?18O values compared to the calcite matrix. c) Photograph shows 
vein breccias oriented vertical and parallel to (crinkly) lamination. d) A few stringers show 
thrust faults (indicated by stippled lines), indicating that the original thickness of a stringer 
can be extremely modified. e) Photograph shows the typical orientation of brittle faults, 
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defined by cataclasites, perpendicular to bedding and strike of a stringer. f) Cataclasite 
composed of a sandy stromatolite showing cm-sized slickensides. g) Anhydrite caprock 
showing typical stratification of pure calcite layers (dark layer at bottom) and calcite-rich 
anhydrite. Long side of image is 1.5 m. h) A number of anhydrite caprocks show dense sets 
of gypsum- or anhydrite-cemented fractures.  
 
In summary, the dome interior, especially in the northern part, is much more difficult 
to investigate than the more isolated stringers, forming the dome flanks. It appears 
that the interior of the dome, both in the central and in the northern part, is more 
intensively deformed than the dome flanks, which is suggested by a higher density of 
tectonic breccias and veins. 
4.2 Jebel Majayiz 
4.2.1 Sedimentological observations 
This salt dome is the second largest in size and a remarkable large area in the dome is 
composed of stringers made up by shallow water carbonates. There is generally not 
much lithofacies diversity in the whole dome, which is characterized by a dominance 
of stromatolites and thrombolites. The stringers in the most southern third and the 
central eastern part of the dome are almost completely composed of various types of 
crinkly laminites, stromatolites and thrombolites, which contain a high amount of 
sand and/or intercalations of cm-sized chert lenses (Fig. 9). The stratigraphic sections 
from the southern and central eastern part essentially comprise shallow water 
microbialites facies with periodic input of terrigeneous sandy material. In these parts 
of Jebel Majayiz, finely laminites (see Fig. 11a) indicating more open marine 
conditions were merely observed in the lowermost intervals within the large stringer 
around samples JM2, 6 and 7 (see Fig. 10 for location).     
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Figure 9. Detailed stratigraphy of two sections, showing exemplarily the lithological 
composition of most stringers in the southern, central eastern and northeastern part.  The 
lithofacies association are very different to Qarn Nihayda. Various types of sandy and cherty 
stromatolites generally dominate the carbonate facies in salt dome Jebel Majayiz. 
 
Most stringers in the central northern parts (around sample JM42 in satellite image) 
are mainly composed of finely laminites, which can gradually pass into crinkly 
laminites and stromatolitic intervals opposite to the stringers forming the southern and 
eastern part of the dome. Sedimentological observations in the northern areas are 
complicated by locally strong brecciation.  
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4.2.2 Structural observations 
In contrast to Qarn Nihayda, the structural configuration of the stringers as observed 
from the satellite image does not indicate an overall trend (Fig. 10). However, there is 
a tendency that the outer stringers have a strike, which is more or less parallel to the 
dome axis (N-S). In some areas within the dome, the stringers show consistent strike, 
e.g. there is a dominance of NE-SW striking stringers from the centre to the northeast 
and a N-S orientation in the central western part. This may suggests that some parts of 
rock salt and stringers were coherent during rise and rotated against other parts. The 
interior of the dome is characterized by a very high density of stringers, which are 
chaotically juxtaposed and superimposed against each other. 
 
Figure 10. High resolution Quickbird image of Jebel Majayiz shows the interpreted strike of 
the stringers (red lines). Although no overall configuration is recognizable, there are several 
sub-areas showing consistent strike. Similarly to Qarn Nihayda, the dome flanks are defined 
by outwards dipping stringer ridges, while the dome interior shows a much higher density and 
a chaotic juxtaposition of the stringers. Circles denote locations of samples taken for solid 
bitumen reflectance and stable isotopes. 
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Field observations revealed that the deformation-related structures are in large parts 
very similar to Qarn Nihayda. Brecciation associated with veins of all rock facies is 
common (Fig.11a) and normal faults (up to 2 m wide) associated with cataclasites 
dissect the stringers perpendicular to the bedding. The association between the 
cataclasites and breccias is difficult to determine. In some cases, the cataclasites are 
veined and in other cases, the breccias constitute the cataclasites. Large-scale open 
folding of the stringers is very common. In addition, one outcrop (at JM2 in satellite 
image) exemplarily indicates that the stringers are also isoclinally folded associated 
with strong brecciation and thrusting (Figs. 11b-d). Fig. 11d shows an interesting 
structure, which indicates that deformation, i.e. folding and thrusting, was most likely 
accompanied by hydrofracturing. 
The occurrence of anhydrite caprock in Jebel Majayiz is limited to the northern and 
southern parts (as observed in Qarn Nihayda) and forms an outward dipping periclinal 
rim around the salt dome (Figs. 10 and 11e). Rarely, anhydrite caprock occurs 
between in stringers in the dome interior, where it shows a pronounced foliation with 
a flow-like texture around embedded carbonate clasts (Fig. 11f).         
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Figure 11. Deformation-related structures observed in salt dome Jebel Majayiz. a) Breccias 
are associated with veins oriented parallel and vertical to (finely) lamination. b) Thin and less 
competent (organic-rich) limestone layers are isoclinally folded. The lower bound of the 
uppermost thick layer (above pencil) probably represents a thrust plane highlighted in c). d) 
Photograph shows and irregular-shaped fracture (stippled outline), containing highly 
fragmented material from layers of below; same outcrop as shown in b) - c). This channel 
may have evolved as a hydrofracture (due to high fluid pressures), propagating through the 
less competent thin layers and branching below the competent thick layer above. e) 
Photograph shows whitish outward dipping anhydrite caprock at the southern margin of Jebel 
Majayiz. South is to the right; note hammer for scale. This layer of anhydrite caprock 
corresponds to the white periclinal margin observable in satellite image (see Fig. 10). f) 
Internal fabric of anhydrite caprock shows a strong foliation, ‘flowing’ around a carbonate 
clast; clast is around 20 cm in diameter.   
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4.2.3 ‘Zebra’ fabrics and associated structures 
Besides the often observed breccias associated with white calcite and dolomite veins 
throughout all salt domes, the Jebel Majayiz salt dome comprises four stringers, 
which show a remarkable high density of mm-wide white dolomite veins (see sample 
JM42 in Fig. 10 for location), generally oriented parallel to the sedimentary 
lamination of finely laminites. According to observations of Davies et al. (2005) the 
highly frequent dolomite vein appearance displays the so-called zebra fabric. The 
occurrence of the ‘zebra’ fabric is generally restricted to the finely laminite facies. On 
the outcrop-scale, the distribution of the white ‘zebra’ fabric mostly follows the 
bedding of the laminites, which is then characterized by high macroscopic porosities, 
while undisturbed finely laminites nearby are almost tight (Figs. 12a-b). Stringers in 
the direct vicinity of the four ‘zebra’-bearing stringers show an extreme brecciation, 
which is occasionally associated with a whitish to yellowish calcite agglomerate 
showing a massive fabric with incorporations of cm-sized carbonate clasts from the 
surrounding stringers (Fig. 12c). In some cases, the stringers in the direct vicinity of 
the ‘zebra’-stringers show orange to yellowish veins parallel and vertical to 
lamination (Fig. 12d). In addition, some outcrops surrounding the ‘zebra’-stringers 
show remarkable whitish halite efflorescence at bedding-parallel breccias (Fig. 12e).  
The ‘zebra’ fabric can be developed in several types, ranging from numerous planar, 
mm-wide veins aligned parallel to the sedimentary lamination, which can be crosscut 
by oblique and perpendicular oriented dolomite veins. Several transitions from the 
planar orientation of the ‘zebra’ veins to a highly scattered and chaotic fabric are 
observable (Figs. 12f-h). Sporadically, the ‘zebra’ fabric is associated with sometimes 
perfectly spherical-shaped ‘rings’ consisting of white dolomite, which mostly occur in 
horizons parallel to the bedding. These ‘rings’ are between 1 and 7 cm in diameter 
and can be developed as closed and half-open dolomite ‘rings’.  
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Figure 12. a) and b) Photographs show outcrops, which are characterized by the occurrence 
of ‘zebra’ rocks in the northern part of Jebel Majayiz. The stippled lines represent bedding-
parallel boundaries between undisturbed and ‘zebra’ fabric-bearing finely laminites (hammer 
for scale). c) White calcite breccia, which often associated with the ‘zebra’ laminites, showing 
a massive fabric with some carbonate inclusions. d) Orange to dark yellowish veins in finely 
laminites in the direct vicinity of the ‘zebra’ fabric-bearing stringers. e) One out of several 
outcrops in the direct vicinity of the ‘zebra’ outcrops showing whitish halite efflorescence 
along bedding-parallel breccias. Bedding is nearly vertical. f) ‘Zebra’ fabric, defined by the 
highly frequent occurrence of white dolomite veins parallel to the sedimentary lamination. g) 
The ‘zebra’ fabric is often associated with spherical or half-spherical dolomite ‘rings’. h) 
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Photograph possibly displays an end member fabric of the hydrofracture process, leading to 
‘zebra-fication’ of the finely laminites. The original lamination is completely broken up and 
isolated strings of the host rock are floating in the white dolomite veins. Note that the host 
rock ‘floater’ in upper centre does not show a ‘zebra’ fabric, because it is cemented with 
quartz.  
 
Apart from Jebel Majayiz, these ‘zebra’ rocks were so far only found as one small 
boulder in salt dome Qarat Kibrit. 
4.3 Qarat Kibrit  
The Qarat Kibrit salt dome is much smaller (0.7 x 0.5 km) than the previous described 
salt domes. The centre and the eastern part are essentially formed by a N-S elongated 
depression, mainly composed of highly jointed rock salt (Schoenherr et al., 
submitted-b), while the about 30 m high western flank consists of laminated 
carbonates. Most samples were taken from a prominent outcrop in the central western 
part, which displays a complete Ara cycle of rock salt – ‘floor’ anhydrite – carbonate 
– ‘roof’ anhydrite – rock salt (Figs. 13a-b). The stratigraphy of the carbonate interval 
shown in Fig. 13a has been described in detail by Al-Balushi (2005), who concluded 
that the succession of finely laminated and organic rich carbonates to criknly 
laminites and to stromatolites at the top reflects a shallowing upward cycle from 
basinal to supratidal environment. Black organic-rich shale overlies the stromatolites 
(Fig. 13c) and is interpreted as a product of stagnant water body in a peritidal setting 
(sample QK1).  
Another sample set has been taken from an outcrop, which forms a small hill in the 
central northern part of the dome (Fig. 13d). The samples are dark grey, have a slaty 
appearance and strong fetid smell when freshly broken, and thus having suitable 
properties for source rock analysis and maturity analysis.  
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Figure 13. Outcrops in salt dome Qarat Kibrit with indicated sample locations. a) Photograph 
shows complete Ara Group cycle of rock salt – floor anhydrite – carbonate – roof anhydrite – 
rock salt (from right to left) with indicated Figs. b) and c). Carbonate thickness is ? 20 m. b) 
Photograph shows contacts from rock salt to floor anhydrite to finely laminites. Floor 
anhydrite is 1.5 m thick. c) Photograph shows a layer of black shale (sample QK1), 
outcropping below the ‘roof’ anhydrite. Note hammer for scale. d) Outcrop in the central 
northern part showing location of organic-rich sample QK10. Note hammer for scale. 
 
4.4 Diagenesis and stable isotope data 
4.4.1 Petrography 
Based on petrographic observations (Figs. 14 and 15), a paragenetic sequence has 
been established for the Ara carbonate stringers of the GSB (Fig. 16). The 
corresponding stable isotope data of carbonate samples from various facies, stringers 
and salt domes are shown in Fig. 17. 
The XRD analysis of selected carbonate samples revealed calcite as the dominant 
phase and subordinate dolomite, anhydrite, quartz, clay minerals and feldspar for 
most samples. This coincides with observations from carbonate lamipeels of various 
facies and from different salt domes (Fig. 14). Staining with Alizarin Red acid 
revealed that both the recrystallized matrix in thrombolites and laminites and vein 
cements of breccias are composed of calcite. In some minor cases, the carbonates 
consist to about 80 volume percent of dolomite.  
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Figure 14. Overview scans show carbonate samples stained with Alizarin Red acid. a) 
Scanned section of sample JM2 shows the typical fabric of a clotted thrombolite with 
roundish mesoclots and a laminated part at bottom. b) Image represents the corresponding 
lamipeel of image a), showing that both the matrix and the mesoclots are composed of calcite. 
c) Crinkly laminite (sample JM7) showing alternations of dark and light beige laminaes. The 
corresponding lamipeel in d) shows that the dark laminae consist of calcite, while the light 
beige laminaes correspond to unstained material, which is dolomite. e) and f) Stained 
(Alizarin Red acid) handspecimans of brecciated laminites show that the antitaxial vein 
cements are composed of calcite; (e) is sample QN5 and (f) is sample QS9. 
 
In contrast to the veins of breccias and fractured carbonates observed in all salt domes 
(see Figs. 8b-c and 14e-f), XRD measurements and EDX analysis of the white veins 
defining the ‘zebra’ fabric in the finely laminites of Jebel Majayiz (Figs. 12 and 15a) 
mainly consist of dolomite. The vein-forming dolomite crystals are usually euhedral 
and show zonations and intercrystalline porosity (Fig. 15b). Second phases in the 
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‘zebra’ veins are large euhedral and broken quartz crystals, which can occur either in 
a vein matrix of dolomite and calcite (Figs. 15c-d) or as syntaxial vein cements (Fig. 
15h). In addition, the veins are composed of trace amounts of calcite, apatite, 
celestite, siderite, magnesite, anhydrite and barite.  
Cathodoluminescence imaging revealed that several generations of microfractures 
with different cements are present in the ‘zebra’ rocks (Figs. 15f and 15h). 
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Figure 15. Microfabrics of ‘zebra’ dolomites from salt dome Jebel Majayiz. a) Zebra fabric 
displays mm-wide and parallel white dolomite veins. Scale is in cm. Frame highlights Fig. b) 
Transmitted light micrograph shows that the white dolomite veins are composed of euhedral 
dolomite crystals, which show intercrystalline porosity. c) White ‘zebra’ veins are composed 
of dolomite + calcite + magnesite + siderite + quartz. Note the large euhedral quartz crystals 
in the ‘zebra’ vein; frame marks Fig. d. The light grey matrix is dolomite. The dark grey 
dolomite contains solid bitumen. d) Transmitted light micrograph shows contact between the 
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dolomite host rock and a ‘zebra’ vein, which is partly filled by large euhedral quartz crystals 
showing numerous microfractures. e-h) Transmitted light micrographs and corresponding 
cathodoluminescence images of sample comprising the orange vein in the vicinity of the 
‘zebra’-bearing stringers (see Fig. 12d). The veins are mainly formed by dolomite, calcite and 
euhedral quartz. Multiple generations of fracturing are observable. 
 
 
Figure 16. Preliminary paragenetic sequence deduced from microstructural observations of 
samples from various Ara carbonate stringers of the six surface-piercing salt domes in North 
Oman.  
 
4.4.2 Stable isotope data 
Stable oxygen and carbon isotopes of 48 carbonate stringer samples were analyzed 
(Fig. 17a). From a number of samples stable isotope data from both, the matrix and 
veins (breccias and ‘zebras’) were analyzed. The samples have ?18O values that range 
between -30.39 and -0.51 ‰ Vienna Peedee belemnite (VPDB), and ?13C values 
between -7.67 and 3.85 ‰ VPDB. The bulk of the samples from the matrix of the 
carbonates show ?18O values of -6 to -2 ‰ VPDB (mean = -3.76 ‰ VPDB) and ?13C 
values in the range of 1 to 4 ‰ VPDB (mean = 1.96 ‰ VPDB). The lowest ?18O 
values (-30 to -8 ‰ VPDB) derive from the calcite vein cements (see Figs. 14e-f) and 
the ‘zebra’ veins, which also show the most depleted ?13C values in the range of -7 to 
-4 ‰ VPDB. The matrix of the same samples shows isotope values, which invariably 
plot in the average field of most samples (?18O: -6 to -2 ‰ VPDB; ?13C: 0 to 4 ‰ 
VPDB). Furthermore, two data points from one stringer in Qarn Nihayda and one 
stringer in Jebel Majayiz (sample JM2) (see Figs. 6 and 10 for locations) plot in the 
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short-lived negative ?13C excursion, which martks the Precambrian-Cambrian 
boundary in the A4C interval of the SOSB (see Amthor et al., 2003 and Fig. 17b). 
A comparison of the stable isotope dataset from the surface-piercing carbonate 
stringers of the GSB and from the subsurface carbonate stringers of the SOSB 
(Schoenherr et al., submitted-a) shows that the mean ?18O value of the stringers from 
the GSB are depleted by around 1.4 ‰ VPDB (Fig. 17b).  
 
Figure 17. Stable oxygen and carbon isotope data for intra-salt carbonate stringers of the 
Ghaba Salt Basin and the South Oman Salt Basin. a) Plot shows that the bulk of the samples 
range between -6 to -2 ‰ VPDB for ?18O values and between 1 to 4 ‰ VPDB for the ?13C 
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values. Most vein cements show strongly depleted stable isotope data, while their matrix 
values plot in the average field. SD = saddle dolomite. JM = Jebel Majayiz, QA = Qarn Alam, 
QK = Qarat Kibrit, QM = Qarat Al Milh, QN = Qarn Nihayda, QS = Qarn Sahmah; Zebras 
are from JM. b) Stable isotope data for Ara carbonates of the SOSB indicate low diagenetic 
overprint as most values plot in the field of calculated isotopic composition of the 
Neoproterozoic seawater (Derry et al., 1992; Jacobsen & Kaufman, 1999). Most data for the 
surface-piercing stringers (GSB) are shifted towards more negative ?18O values and some also 
to more negative ?13C values, which is due to telogenetic recrystallization (+ 
dedolomitization) in contact with meteoric fluids; eventually displaying the isotope signals of 
Pleistocene (Immenhauser et al., 2007) and Holocene (Fleitmann et al., 2003) speleothems. 
Note that some data points from the SOSB and the GSB plot in the A4C isotope field, 
displaying the Precambrian-Cambrian boundary (Amthor et al., 2003).  
 
4.5 Total organic carbon, solid bitumen reflectance and 
paleo-temperatures 
The sample selection for both, total organic carbon (TOC) and mean random solid 
bitumen reflectance (BRr) aimed to compare data between several ‘stringers’ within 
one salt dome and between the salt domes.  
4.5.1 TOC 
The majority of the samples selected for TOC determination derive from dark and 
fetid finely laminites of the basinal facies (n = 55), which macroscopically appeared 
to represent potential source rocks. In addition, some samples originate from the 
crinkly laminite and thrombolite facies. TOC measurements yielded that only 3 out of 
55 samples reveal TOC values higher than 0.5% and that about 90% of all samples 
have TOC values < 0.1%. 
4.5.2 Solid bitumen 
The majority of the samples, from which the TOC was determined, and some crinkly 
laminites and thrombolites were selected for BRr measurements (n = 42 samples). The 
very low TOC values correlate very well with a very low content of solid bitumen in 
all samples. Reflected light microscopy has shown that ? 95% of the 42 samples 
contain solid bitumen, however, besides a few exceptions, most samples contain only 
trace amounts of very fine-grained solid bitumen, mostly accumulated along 
laminaes. The method to measure BRr described in chapter 3.3 allows measuring solid 
bitumen particles, which provide a rectangular area of 0.42 µm2. As most of the solid 
bitumen particles in all samples studied are smaller than this area, 24 out of the 42 
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samples were used to calculate paleo-temperatures from the BRr data. In order to 
obtain paleo-temperature data, the BRr data were converted to VRr data (Schoenherr 
et al., 2007a), which were converted to paleo-temperatures using the equation of 
Barker & Pawlewicz (1994). The comparability of maturity data of samples from 
different locations within one salt dome is additionally hampered by the presence of 2 
and locally of 3 generations of solid bitumen. 
Despite of these difficulties to use BRr for correlation of individual stringers within a 
salt dome, some insights on the maturity of the six surface-piercing salt domes can be 
drawn.  
In Qarat Kibrit, the BRr data for 5 samples from the 20 m thick stringer shown in Fig. 
13a show consistently two generations, the first with a BRr of ? 2% and the second 
with a BRr of ? 1%, indicating burial temperatures of 200 °C and 150 °C, 
respectively. BRr data from a stringer ? 200 m in the north of the first outcrop (see 
Fig. 13d) indicate a burial temperature of 170 °C.  
In order to test, if the symmetric configuration of the stringer ridges observed in Qarn 
Nihayda matches with a possible symmetry trend of maturation isogrades, we 
measured the BRr of samples located along the WSW-ENE trending profiles (see 
Figs. 6 and 7). The preliminary dataset indicates highest burial temperatures of 200 
°C to 250 °C from stringers located in the dome centre and of 280 - 300 °C from 
stringers outlining the eastern flank of the dome (see Fig. 6). 
In the Qarn Alam salt dome, two samples from outcrops about 300 m apart show near 
identical BRr values, which correspond to burial temperatures of 240 °C. 
Paleo-temperatures from 5 stringers of the Qarn Sahmah salt dome vary between 150 
to 200 °C. Two thrombolite samples, which have been taken 2 m apart of a ? 400 m 
long and 1.5 m thick basalt dike indicate paleo-temperatures of 330 - 370 °C. 
Interestingly, microstructures of the basalt shows cracks, which are cemented by 
calcite, quartz and subordinate solid bitumen. 
Paleo-temperatures from 4 stringers of salt dome Jebel Majayiz are between 176 and 
214 °C. The ‘zebra’ sample JM 42 shows a paleo-temperature of 210 °C (see Fig. 10 
for sample locations).  
In summary, this preliminary dataset shows that the surface-piercing stringers in the 
GSB underwent burial temperatures of 140 to 300 °C with the majority of burial 
temperatures at ? 200 °C. 
Chapter 7: Salt dome dynamics 
 239
5 Interpretation  
This chapter discusses the depositional, diagenetic and structural evolution of the 
surface-piercing salt domes in 4 stages and integrates data from the subsurface of the 
SOSB to highlight (herausarbeiten) differences occurring during the uplift of intra-salt 
carbonate stringers. The structural evolution is in large parts compiled from the work 
of Escher & Kuenen (1929), Loosveld et al. (1996), Callot et al., (2006) and Filbrandt 
et al., (2006). 
5.1 Ara Group deposition (Late Precambrian to Early 
Cambrian) 
The fieldwork of Peters et al. (2003) clearly revealed that the carbonates and 
evaporites exposed in the six surface-piercing salt domes belong to the Late 
Precambrian to Early Cambrian Ara Group, well known from the SOSB. The outcrop 
shown in Figs. 13a-b displays the cyclic Ara Group succession of rock salt – 
anhydrite – carbonate – anhydrite – rock salt. Bromine contents of rock salt from this 
succession range from 49 – 68 ppm (Schoenherr et al., submitted-b), indicating a 
normal marine feed for rock salt (Valyashko, 1956), which coincides with bromine 
data in the range of 45 - 109 ppm for the Ara salt from the SOSB (Schröder et al., 
2003). Although the affinity to the Ara Group is well established for the surface-
piercing carbonate stringers, their correlation to the Ara cycles (A0C to A6C) as 
recorded in the SOSB is very difficult due to a different paleo-environment (basin) 
and hence a possible different facies evolution. Generally, there are strong differences 
in carbonate facies of the exposed stringers between each salt dome. The 
sedimentological sections taken in Qarn Nihayda (Fig. 5) indicate shallow (sabkha 
environment) to relatively deep (turbidites ? slope) marine depositional conditions. 
The very high sand content of many stromatolites and thrombolites, which are 
intercalated with pure sandstones in many carbonate stringers of the Jebel Majayiz 
salt dome (Fig. 9), indicates proximity to the continent and eventually gives rise to the 
presence of clastic intervals, which occur between the A5C and the A6C in the SOSB 
(see Fig. 2). The low hydrocarbon productivity of the A5C and A6C intervals in the 
SOSB may account for the low TOC values and low contents of solid bitumen in the 
surface-piercing stringers. Further support for an exposure of stratigraphically 
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uppermost stringer intervals may be the absence of the fossil Cloudina, which only 
occur in the A1C to A3C intervals of the SOSB (Amthor et al., 2003). In the SOSB, 
stromatolites are very rarely reported from the exploration areas in the Southern 
Carbonate Domain (SCD) (see Fig. 1 for location), while well-defined columnar 
stromatolites form the main constituent carbonate facies in a possible A5C interval, 
which is underlain by clastics, of well Suwaihat-8 in the Northern Carbonate Domain 
(NCD) (pers. commun. John Grotzinger) (see Fig. 2). The distribution of clastics in 
the Ara Group generally increases from the SCD to the NCD and probably towards 
the GSB as shown by the widespread occurrence of sandy microbial carbonates in 
Jebel Majayiz and Qarn Nihayda. The extremely low TOC values (< 0.1%) of most 
samples from the basinal facies indicate low organic matter productivity and hence 
poor source rock potential in the salt domes opposed to the laminites of the SOSB, 
which have TOC values in the range of 0.5 – 5.0% (Schoenherr et al., 2007a).  
Petrographically, the thrombolites and laminites show well-preserved primary 
(depositional) fabrics (Figs. 14a-d), thus recrystallization during deep burial 
conditions was not completely fabric-destructive. This coincides with carbon isotope 
values of primary carbonate fabrics, which plot close to other well-preserved late 
Neoproterozoic to Early Cambrian carbonates (Jacobsen & Kaufman, 1999) and in 
the same range as ?13C values from samples of the deeply-buried carbonate stringers 
in the SOSB (Schröder, 2000; Schoenherr et al., submitted-a; see Fig. 17b). The 
negative ?13C values of two samples eventually mark the negative carbon isotope 
excursion of the Precambrian - Cambrian boundary (Amthor et al., 2003). However, 
more fieldwork on facies and geochemical analyses (stable isotopes, uranium, 
thorium) are needed to further constrain a possible affinity of these two stringers to 
the A4C interval and to exclude diagenetic processes responsible for this negative 
?13C signal. 
5.2 Initial stage of passive salt diapirism (Middle Cambrian 
to Late Ordovician) 
The differential loading of the thick Haima clastics onto the mobile substrate of the 
Ara salt caused passive diapirism (downbuilding) until the Haima grounded on the 
subsalt strata in the SOSB as well as in the GSB (Loosveld et al., 1996; Peters et al., 
2003). Seismic sections presented by Peters et al. (2003) (their Fig. 22) indicate the 
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possible presence of stringers in the subsurface of the Saih Nihayda field in the GSB 
in a structural similar position as the intra-salt stringer reservoirs in the SOSB. So far, 
the intra-salt stringers in the GSB are not a target of hydrocarbon exploration, 
probably due to difficulties in seismic detection and the deep burial of the stringers. 
The presence of solid bitumen generally indicates that oil was generated in the 
surface-piercing stringers, probably during the last periods of Haima deposition (as in 
the SOSB, Terken et al., 2001). Although the stringers investigated show very small 
amounts of solid bitumen, very low TOC values and no evidence for tar mats in the 
field, the presence of buried stringers, which may represent prolific hydrocarbon 
reservoirs such as the stratigraphically lower cycles (A1C to A3C) in the SOSB, 
cannot be excluded. 
The paleo-temperatures deduced from solid bitumen reflectance indicate that some of 
the stringers were buried deeper than the deepest stringers in the SOSB (? 6 km). 
Highest temperatures of around 300 °C (Qarn Nihayda) indicate burial depths of 10 
km, assuming a (randomly chosen) geothermal paleo-gradient of 30°C/km.  
5.3 Structurally controlled hydrothermal alteration of 
carbonate stringers in Northern Oman (Late 
Cretaceous) 
While the shape of Ara salt diapirs in the SOSB remained unchanged after the initial 
stage of passive diapirism, a number of diapirs in the GSB were re-activated along 
deep-rooted strike-slip faults, e.g. the Qarat Kibrit salt dome along the Burhaan Fault 
and Jebel Majayiz and Qarat Al Milh along the Maradi strike-slip Fault Zone (MFZ) 
(see Fig. 1; Filbrandt et al., 2006). Using seismic cross sections, Peters et al. (2003) 
suggested that the MFZ is a basement-involved feature remobilized during the Late 
Cretaceous.  
In our evolutionary model, the ‘zebra’ dolomites observed in Jebel Majayiz (Figs. 12 
and 15) and in Qarat Kibrit are related to the MFZ and Burhaan activity. ‘Zebra’ 
fabrics are generally formed during late diagenetic dolomitization under hydrothermal 
conditions and record short-term shear stress and pore fluid pressure transients 
preferentially in the direct vicinity of periodically active strike-slips faults (Swennen 
et al., 2003; Davies et al., 2005; Davies & Smith Jr., 2006). In contrast to most of the 
stringers exposed in Jebel Majayiz being limestones, the ‘zebra’-bearing stringers are 
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all dolostones, showing that the formation of the ‘zebras’ coincides with a 
dolomitization event. The laminae-parallel (horizontal) and oblique alignment of the 
white ‘zebra’ veins in the low permeable laminites may record that the maximum 
principal stress was oriented more or less horizontal during shear movements of the 
faults. Multiple episodes of hydrofracturing and pulses of highly pressurized fluids, 
respectively, are indicated by cathodoluminescence images (Figs. 15f and 15h). 
Interestingly, rocks showing higher (primary) poroperm-characteristics in the 
surroundings of the ‘zebra’-bearing laminites are rather brecciated than veined, which 
indicates that the primary rock fabric and the distribution of permeability are 
controlling parameters on the formation of the ‘zebra’ fabric. 
The mineral paragenesis of the white dolomite ‘zebra’ veins strongly suggests a 
hydrothermal (basement-derived?) source of the fluids under elevated temperatures as 
indicated by depleted ?18O values of some of the ‘zebra’ vein material (Fig. 17a) 
(Hardie, 1987).  
5.4 Re-active diapir growth and surface piercement (Late 
Cretaceous – recent) 
The Late Cretaceous activity along the MFZ and the Burhaan fault caused re-active 
diapir growth and finally the piercement of the surface of the salt domes Jebel 
Majayiz, Qarat Al Milh, Qarat Kibrit and Qarn Alam (Peters et al., 2003; Filbrandt et 
al., 2006). The association of deeply rooted faults with the position of the salt domes 
Qarn Nihayda and Qarn Sahmah is so far not confirmed by seismic interpretations. 
The very high amount of anhydrite caprock representing a dissolution residue from 
large quantities of rock salt and the presence of magmatic rocks and pre-Ara volcanics 
suggests a different evolution of Qarn Sahmah compared to the 5 more northern 
located salt domes (see Fig. 1). 
The widespread occurrence of cataclasites and tectonic breccias in the surface-
piercing stringers were not observed in the extensively cored Ara carbonate stringers 
of the SOSB. Compared to ?18O values of the carbonate matrix, the calcite cements in 
the breccias and of associated calcite veins, which show syntectonic crystal shapes 
have strongly depleted ?18O values. This indicates that deformation occurred as the 
stringers were not fully encased in the salt anymore, because the depleted ?18O values 
most likely represent the signature of meteoric waters, which entered the stringers 
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after salt dissolution in the shallow subsurface. During this phase, the carbonates 
underwent pervasive dedolomitization as they predominantly consist of limestone 
(opposed to the predominantly dolomite stringers in the SOSB) (Fig. 14). This is 
supported by a slight shift towards more negative ?18O values from primary 
microstructures in the limestones compared to those from the deeply buried stringers 
in the SOSB (Fig.17b). The most likelihood structural position of this deformation is 
the narrow diapir stem, where differential stress is highest (up to 5 MPa) throughout a 
salt diapir (Schoenherr et al., submitted-b).  
The highly heterogeneous distribution of paleo-temperatures within the salt domes 
shows that the stringers derive from different depths and thus different stratigraphic 
intervals. It seems unlikely that all of the stringers were at the same structural level 
before piercement of the surface. The recent structural configuration of stringers and 
the widespread occurrence of anhydrite caprock in most salt domes (e.g. Figs. 8g-h) 
rather suggest strong dissolution of salt near and at the surface, which led to rotation 
and a chaotic juxtaposition of the stringers. These processes strongly masked the 
original structural configuration of stringers during diapir rise and thus insights into 
the internal kinematics of the north Oman salt diapirs. An exception represents the 
near symmetric and periclinal orientation of most stringers in Qarn Nihayda (Fig. 6), 
which points to the preservation of the original stratigraphy after piercement of the 
surface. However, the preliminary dataset of paleo-temperatures from the Qarn 
Nihayda stringers do not display the symmetrical stringer configuration, i.e. 
increasing paleo-temperatures towards the dome centre. Following up work will 
include further measurements on solid bitumen reflectance and a highly frequent net 
of stable isotope data in order to identify a possible A4C stringer (with the negative 
?13C excursion). 
Insights from seismic sections and fieldwork suggest a relatively simple geometry of 
the six surface-piercing salt diapirs with far-reaching diapir stems and cylindrical 
terminations. The lack of structures, indicating lateral spreading (injection into 
adjacent strata) of the salt suggests constant confinement by country rock walls during 
emplacement. The steep dip of the salt (Qarat Kibrit) and of numerous carbonate 
stringers (e.g. Qarn Nihayda) contradicts a cut through the uppermost structural levels 
of a mushroom-shaped diapir as suggested by Talbot & Weinberg (1992) for some of 
the salt plugs in Iran. Furthermore, satellite images and fieldwork do not provide 
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evidence for the presence of salt glaciers in the past, e.g. stringer occurrences outside 
a salt dome.  
 
Figure 18. Schematic preliminary sketch of the structural evolution of the surface-piercing 
salt domes in the Ghaba Salt Basin. a) Deposition of the Ara Group in ‘Infra-Cambrian’ 
times. b) Passive downbuilding due to differential loading of the Haima clastics. c) Late 
Cretaceous strike-slip faulting (e.g. Maradi Fault Zone) associated with hydrothermal fluids. 
d) Re-active diapir growth along deep-rooted strike-slip faults. Intra-salt carbonate stringers 
underwent strong brecciation and folding. Salt dissolution led to the formation of an anhydrite 
caprock and allowed meteoric waters to enter the stringers, which is deduced from depleted 
?18O values compared to the subsurface stringers of the SOSB. e) Strong salt dissolution after 
periodic rainfalls caused removal of salt and rotation of stringers.  
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6 Conclusions 
- The surface-piercing stringers generally comprise the same suite of facies as 
the deeply buried stringer play in the SOSB and thus represent an important 
outcrop analogue to study lateral facies (reservoir) development 
- Paleo-temperatures point to very deep burial depths of up to 10 km due to 
passive downbuilding of the Ara Group 
- ‘Zebra’ fabrics and its associated mineral paragenesis provide strong 
indications that Late Cretaceous strike-slip faulting in Northern Oman was 
accompanied by hydrothermal fluid flow 
- The stringers are internally much higher deformed than in the SOSB and 
depleted ?18O isotopes of syn-tectonic veins and the carbonate matrix suggest 
deformation and dedolomitization in a diagenetic open system due to the 
contact with meteoric waters within the diapir stem 
- Poor source rock development, the lack of clear evidence of the A4C negative 
?13C isotope excursion and the Late Pre-cambrian fossil Cloudina, and the 
occurrence of clastics presumably point to the exposure of stratigraphically 
uppermost stringer intervals (A5C and A6C compared to the SOSB) in the salt 
domes 
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Appendix 
 
Figure 1. Satellite image of salt dome Qarn Nihayda (from Google Earth, accessed in 
October, 2007). The dome is surrounded by whitish carbonates of Tertiary age. Note the NW-
SE alignement of the carbonate stringers. 
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Figure 2. Steeply dipping and slightly bended stringer forms the western dome margin of 
Qarn Nihayda (view to the north). 
 
Figure 3. Southern part of dome Qarn Nihayda showing a rather smooth area, consisting of 
anhydrite caprock and some single stringers (view to the south). 
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Figure 4. Laterally very continuous stringer ridge in the western centre of dome Qarn 
Nihayda (view to the NW, stringer is c. 20 m thick) (see Fig. 5 in this chapter). 
 
Figure 5. Laterally continuous stringer consisting of stromatolites, underlain by light grey 
supratidal evaporitic carbonates. Note chaotic juxtaposition of stringers in background (view 
to the north, note persons for scale). 
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Figure 6. High resolution Quickbird satellite image of salt dome Jebel Majayiz. Ther dome 
interior is formed by chaotically juxtaposed carbonate stringers, surrounded by a whitish 
anhydrite caprock residual. The large wadi at right is deflected by the dome and cuts the 
radial drainage pattern (north is way up, long axis of dome is 1.5 km). 
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Figure 7. Eastern flank of dome Jebel Majayiz is characterized by stringers with various dip 
(view is to the south, stringer in front is c. 15 m thick). 
 
 
Figure 8. ‘Damage zone’ in the northern part of dome Jebel Majayiz, marked by a yellowish 
breccia near to the location of the ‘zebra’ rocks (view is to the WNW). 
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Figure 9. Detail view of a ‘zebra’ dolomite showing up to 5 cm long idiomorphic quartz 
crystals embedded in the white dolomite veins. The paragenesis is most likely due to 
hydrothermal alteration (pencil is 14 cm long). 
 
 
Figure 10. Characteristic outcrops in dome Qarn Sahmah showing large masses of anhydrite 
caprock (photo taken from highest point in QS in the north, view is to the south; stringer in 
front is c. 40 m high). 
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Figure 11. The morphology in dome Qarn Sahmah is characterized by many wadis cutting 
through anhydrite caprock (view to the north, note Jeep at left for scale). 
 
 
Figure 12. Typically for dome Qarn Sahmah is that some single stringers rise above the 
irregular-shaped ground of anhydrite caprock. Note longitudinal sand dunes in the 
background (see aerial photograph) (view is to the ESE, stringer is c. 50 m high). 
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Figure 13. Sunset behind salt dome Qarn Alam, highlighting the marked topography in an 
otherwise flat desert environment (highest point is c. 30 m above ground, view is to the 
WSW). 
 
 
Figure 14. Isolated stringers sticking in the flat desert in dome Qarn Alam (note Jeep for 
scale, view is to the south). 
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Figure 15. Bushy thrombolite in dome Qarn Alam. The dark grey matrix is the growth 
framwork and the whitish material is pore cement (calcite) (Image width is 1.8 m). 
 
 
Figure 16. Recent example of thrombolite growth in a periodically flooded lake close to the 
open sea at Yalgorup Nationalpark, south of Perth, Australia. Note how the thrombolites grow 
as isolated built-ups in the shallow water, while they tend to form a continuous layer at land 
due to erosion and overgrowth (note persons for scale). 
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Chapter 8: Synthesis – Internal processes of salt 
giants 
 
1 Introduction 
The picture that emerges from the previous chapters outlines a complex interplay of 
syngenetic (syn-depositional), eogenetic (near-surface), mesogenetic (burial), 
epigenetic (hydrothermal) and telogenetic (uplift) processes in the burial evolution of 
the Ara Group in the South Oman Salt Basin (SOSB) and the Ghaba Salt Basin 
(GSB). The essential results and conclusions of each chapter are summarized here in 
order to give a broad overview on internal processes (diagenetic as well as structural) 
of evaporite-associated hydrocarbon systems as outlined in the introduction. 
The intra-salt Ara play of the SOSB is one of the oldest petroleum systems known 
worldwide (Late Precambrian to Early Cambrian). This system belongs to a large belt 
of Infra-Cambrian evaporite basins, stretching from the Arabian shield to the salt 
giants of central Iran (Hormuz salt) and further east to the Salt range of Pakistan 
(Mattes & Conway Morris, 1990). The targets for hydrocarbon exploration are 
carbonate ‘stringers’ (source and reservoir rock), which are fully enclosed in large 
Ara salt diapirs (seal). The stringer reservoirs are commonly highly overpressured at 
burial depths of 3 – 6 km. These attributes define the Ara Group play as one of the 
most complex and unconventional deep hydrocarbon systems in the world. The 
complexity is increased by uncertainties with respect to seismic imaging, hydrocarbon 
charge history and the prediction of reservoir quality (Al-Siyabi, 2005). Challenges 
for exploration are to understand the origin and spatial distribution of the various 
lithofacies to build predictive reservoir models. Limited knowledge of the diagenetic 
history including the thermal evolution of the stringers hampers prediction of 
reservoir quality and the understanding of production behaviour. Particularly, the 
cementation by halite and solid reservoir bitumen are one of the most effective 
inhibitors for commercial flow from carbonates with initial favourable reservoir facies 
in the SOSB (Mattes & Conway Morris, 1990; Al-Siyabi, 2005) as well as in other 
petroliferous evaporite basins (Sears & Lucia, 1980; Lomando, 1992; Kendall, 2000).  
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The Ara Group is also known to occur in the GSB and the Fahud Salt Basin in interior 
and northern Oman, where stringer-like facies were documented in six surface-
piercing salt domes from the GSB (Peters et al., 2003). The study of these carbonate 
bodies provides valuable insights as they constitute the only outcrop analogue for the 
deep play in the SOSB as well as on general internal processes in the retrograde 
pathway of salt diapir evolution. 
In most publications on salt tectonics, the interior of salt structures is regarded as a 
rather homogeneous continuum. Our understanding of the anatomy of salt structures 
derives from detailed mapping of mining galleries in the Zechstein and Gulf Coast 
diapirs (Balk, 1953; Borchert & Muir, 1964; Kupfer, 1976; Richter-Bernburg, 1980; 
Talbot & Jackson, 1987), and studies on naturally deformed rock salt from different 
tectonic settings in a diapir (Schléder, 2006). These authors have shown that the 
internal architecture is highly complex with the development of shear zones and folds 
of all imaginable geometries and that any prognosis of the interior structure of a 
specific salt body is almost impossible. More general insights on the dynamic effects 
of salt tectonics were deduced from field studies on rock bodies, which were 
transported by the rising salt diapir to the surface, mainly from the Iranian salt plugs 
(e.g. Kent, 1979; Gansser, 1992). However, these studies aimed to describe field 
structures rather than explaining possible mechanisms for the upward transport or 
internal processes of intra-salt inclusions. Analogue and numeric modelling showed 
that any intercalated sediment layer in the salt leads to a strengthening of the salt. As 
salt deformation is initiated, the intra-salt inclusions produce anisotropic strength and 
strain effects in the salt as it moves towards the stem of the diapir. In this structural 
level, extension is due to vertical flow and results in compartmentalization and 
boudinage of intra-salt beds, whereby the salt is able to pierce the former interbedded 
sediment layer (Escher & Kuenen, 1929; Weinberg, 1993; Koyi, 2001; Callot et al., 
2006).  
Considering the previous paragraph, the following problem statements were not 
addressed so far: Which effects are recognizable inside the carbonate inclusions, 
principally regarded as a diagenetic ‘closed’ system, in the prograde and retrograde 
pathway of diapir evolution? How does the salt behave around the highly 
overpressured stringers? Is there an interaction of fluids between the carbonate 
inclusions and the surrounding salt and other parts of the basin? These questions are 
relevant for hydrocarbon exploration, not only in Oman but also for example in the 
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European Zechstein (Geluk, 1998). Extensive coring of the carbonate stringers and 
the surrounding Ara salt by Petroleum Development Oman provides the rare 
opportunity to study the topics outlined above.  
  
The excellent data situation from subsurface wells (SOSB) and surface outcrops 
(GSB) of the same depositional system allows a unique quantification of processes 
occurring in the prograde and retrograde pathway of salt tectonics. Thus, the aim of 
this chapter is to provide generic concepts for the evolution of carbonate bodies 
enclosed in salt diapirs based on the results of this thesis.  
2 Internal processes of salt giants  
2.1 Syngenetic products and eogenetic alterations 
Syngenetic features in the Ara Group are partly preserved in the salt intervals as well 
as in carbonates of the peritidal and reef facies.  
The retrograding succession of Ara Group sedimentation is characterized by sharp 
boundaries (corrosion surfaces), separating shallow water evaporites and relatively 
deeper water carbonates (Schröder et al., 2003). Diagenetic processes in the eogenetic 
realm are strongly controlled by early dolomitization of the stringers, which is 
attributed to the seapage-reflux model proposed by Mattes & Conway Morris (1990). 
The carbonates show well-preserved primary (syn-depositional) fabrics such as ooids 
(Fig. 1a) and dolomitized former botryoidal aragonite cements (Fig. 1b), which 
indicate that recrystallization of the carbonates was not completely fabric-destructive 
during later (deep) burial. This is supported by oxygen and carbon isotope values of 
the dolomite fabrics, which are very similar to other well-preserved Late Precambrian 
to Early Cambrian carbonates (Fig. 2a; Jacobsen & Kaufman, 1999). Furthermore, the 
proximity of the oxygen isotope values to the primary signal indicates only slight 
diagenetic overprint during deep burial but also the absence of meteoric waters during 
diagenesis in the earliest stages. The fact that the carbon isotope values of the 
dolomite reflect the secular changes in the composition of Neoproterozoic to Early 
Cambrian seawater indicates that dolomitization is due to flushing of marine waters, 
before the carbonate stringers were fully encased in the Ara salt (stage 1 in Fig. 7). 
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During progressive burial this isotopic signal was largely preserved in a rock-buffered 
system with a high rock/fluid ratio within the almost impermeable Ara salt.  
 
Figure 1.  Representative micrographs of syngenetic and eogenetic processes in the Ara 
Group sediments.  a) Transmitted light micrograph (crossed polarizers) shows an ooid with 
early pendant cement. b) Plane-polarized transmitted light micrograph indicates the shape of 
early botryoidal aragonite cements, which are dolomitized. c) Plane-polarized transmitted 
light micrograph of Ara salt shows a syngenetic chevron crystal, surrounded by clear halite 
cements (marked with a). Note primary fluid inclusions aligned in bands; highlighted in inset. 
d) Plane-polarized transmitted light micrograph of gamma-irradiated Ara salt (at 100 °C) 
shows a number of hopper crystals (marked with b), which are cut by anhydrite/polyhalite 
layers, displaying solution surfaces. e) Transmitted light micrograph (crossed polarizers) 
shows a large pore in a thrombolite, which is outlined by solid bitumen (SB) and cemented by 
halite (Ha). This halite cement is early, which subsequently underwent slight dissolution at 
the immediate contact to the dolomite (Do) pore. The newly created space was then filled 
with oil, which later converted to solid reservoir bitumen. f) Plane-polarized transmitted light 
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micrograph shows solution-enlarged pores cemented by gamma-irradiation decorated early 
halite (Ha) (at 100 °C). Image width is 3 cm. 
 
In the prograding succession of Ara Group sedimentation, the shallow water 
carbonate ramp gradually evolved into a series of sulphate and halite salinas 
(Schröder et al., 2003). Microstructures associated with hopper and chevron crystals 
indicate marginally shallow marine brine pools for the environmental formation 
conditions of the Ara salt (Fig. 1c, stage 1 in Fig. 7). Repetitive alternations with thin 
anhydrite/polyhalite layers (Fig. 1d) and some minor amounts of sylvite are consistent 
with repeated cycles of desiccation, flooding and renewed evaporite concentration. 
The high bromine contents of this halite (Fig. 2b) clearly indicate a marine feed with 
relatively high salinities for the mother brines of the Ara salt. This is an important 
observation for assessing the fluid source of evaporite cements in the carbonate 
intervals.  
Most of the carbonate stringers are extensively cemented by anhydrite and halite, the 
latter phase mostly occurring in the uppermost parts of the stringers (stage 2 in Fig. 
7). Complex microstructures indicate that halite cements precipitated in facies with 
favourable primary porosity before the formation of solid reservoir bitumen (Fig. 1e-
f). Bromine contents in the range of 250 to 280 ppm (Fig. 2b) and trace amounts of 
sylvite in these early halite cements indicate that the salinity of the mother brine 
evolved until the onset of bittern salt precipitation (Valyashko, 1956). Two fluid flow 
mechanisms are considered to be responsible for halite cementation. First, highly 
saline marine brines were seeping into the underlying carbonate interval from the 
onset of Ara salt deposition. As rock salt is almost impermeable after a thickness of 
around 30 m (Casas & Lowenstein, 1989), the fluid supply is disconnected relatively 
early. A second stage of halite cementation may be attributed to the following phase 
of carbonate deposition by the formation of fractures in the underlying Ara salt 
interval. This allowed undersaturated seawater to percolate through the Ara salt into 
the underlying carbonate interval; a process which may led to the formation of karstic 
structures in the salt due to progressive dissolution and subsequently to 
supersaturation with respect to NaCl. The supersaturation of a flowing fluid is a 
crucial parameter concerning crystal growth (nucleation) and results from a complex 
interplay between advection and diffusion (Péclet number) and diffusion and reaction 
kinetics (Damköhler number) (Lasaga, 1998; Nollet et al., 2006). 
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The formation mechanisms and distribution patterns of halite cements can be readily 
extrapolated to other evaporite basins, where halite cementation has been observed to 
represent a major exploration risk such as for example in the evaporitic Dawson Bay 
Formation of the Elk Point Basin of western Canada (Kendall, 2000).  
 
Figure 2. Geochemical results of this thesis. a) Stable isotope data for Ara carbonates of the 
SOSB indicate low diagenetic overprint as most values plot in the field of calculated isotopic 
composition of the Neoproterozoic seawater (Derry et al., 1992; Jacobsen & Kaufman, 1999). 
Most data for the surface-piercing stringers (GSB) are shifted towards more negative ?18O 
values and some also to more negative ?13C values, which is due to telogenetic 
recrystallization (dedolomitization) in contact with meteoric fluids; eventually displaying the 
isotope signals of Pleistocene (Immenhauser et al., 2007) and Holocene (Fleitmann et al., 
2003) speleothems. Note that some data points from the SOSB and the GSB plot in the A4C 
isotope field of the SOSB, displaying the Precambrian-Cambrian boundary (Amthor et al., 
2003). b) Bromine vs. depth plot shows that bromine contents in halite cements are generally 
higher than in the pure Ara salt. The black box comprises only data from one well, which 
contains a primary (diagenetic unaltered) bromine signal and recycled halite in fractures 
(compare with the microstructure). Petrographically late halite cements (which post-date solid 
reservoir bitumen) have depleted (recycled) bromine contents due to solution-reprecipitation 
processes.  
 
2.2 Mesogenetic modifications and epigenetic alterations 
Mesogenetic processes take place during burial, away from the zone of major 
influence of surface-related processes (Flügel, 2004). In the case of the Ara play this 
definition is related to alterations after the stringers were fully encased in the Ara salt 
and to processes, which led to an alteration of primary fabrics in the Ara salt intervals.  
Microstructures of the Ara salt show that the syngenetic (primary) crystals are full of 
subgrains, which are partly consumed by clear (‘new’) strain-free grains by fluid-
assisted strain energy driven grain boundary migration (Drury & Urai, 1990; Schenk 
& Urai, 2005). This process is most likely coeval with the initial stage of salt 
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deformation, which was triggered by differential loading of the thick Haima clastics 
above the Ara salt (‘passive downbuilding’). During this phase, the primary 
intracrystalline fluid inclusions were collected and redistributed along the migrating 
fluid-filled grain boundary (Fig. 3a, stage 3 in Fig. 7) (Schléder & Urai, 2005). This 
process may have provided conditions for pressure solution creep, leading to a 
marked weakening at low strain rates (Urai et al., 1986). Since rock salt readily 
recrystallizes at room temperature (Schenk & Urai, 2004), it is surprising to observe 
that relics of primary crystals have been recovered from depths greater than 4 km. 
One reason may be that this is due to a reduction of grain boundary mobility, 
achieved by changes in fluid structure at grain boundaries (Holness & Lewis, 1997; 
Schléder & Urai, 2005) after the phase of passive downbuilding, in contrast to the 
surface-piercing Ara salt of the GSB (see next section).  
During passive downbuilding, the carbonate stringers underwent several stages of 
anhydrite cementation and associated fracturing as well as pressure solution prior to 
oil generation. Most of the oil in the intra-salt carbonate stringers has been generated 
from mature high-quality Type I/II marine source rocks during the early Cambrian to 
Ordovician as a result of maximum burial temperatures due to the deposition of the 
thick Haima clastics (Visser, 1991; Terken et al., 2001). As source rocks in Oman 
have a principally oil-prone signature, some of the gas occurrences in the SOSB may 
be interpreted as a by-product of thermal cracking of formerly trapped oil in the 
respective reservoirs or source rocks due to deep burial conditions (Terken et al., 
2001). Thermal cracking of oil generally results in the formation of solid reservoir 
bitumen (Lomando, 1992), a material that constitutes a major exploration risk in the 
Ara carbonate stringers (Al-Siyabi, 2005). Petrographic observations and correlated 
solid bitumen reflectance measurements (Fig. 4) combined with organic geochemical 
analyses revealed very heterogeneous properties of this solid reservoir bitumen 
throughout several stringer intervals (A1C to A4C). Particularly, the presence of 
coke-like pyrobitumen (Fig. 3b), which indicates a paleo-temperature up to 380 °C, is 
consistent with a hydrothermal origin for the pyrobitumens with hot fluids probably 
deriving from pre-Ara Group strata (stage 4 in Fig. 7). Cores from two wells show 
fractures, which are filled with mineral phases that clearly display a hydrothermal 
paragenesis (Fig. 3c). These fractures most likely served as flow pathways for the 
hydrothermal fluids, which are considered to represent a major contribution to the 
strong overpressures of the stringers. However, most of the overpressures in the 
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stringers started to develop since the time they were fully encased in the Ara salt by a 
combination of disequilibrium compaction, mineral and kerogen to oil conversion 
(Kukla et al., 2007). 
 
Figure 3. Representative photographs of processes affecting the Ara carbonates and the Ara 
salt in the deep burial realm. a) Plane-polarized transmitted light micrograph shows primary 
fluid inclusion banding in a hopper crystal of the Ara salt. The fluid inclusion-rich lobate 
grain boundary (centre) indicates fluid-assisted grain boundary migration probably due to the 
earliest stages of Ara salt movements. b) Reflected light micrograph (under immersion oil) 
shows a bright reflective coke-like pyrobitumen, plumbing a pore of a thrombolite (dark grey 
is dolomite matrix). This pyrobitumen formed at temperatures above 300 °C due to the 
presence of hydrothermal fluids in the Ara Group. c) Core photo of a peritidal grainstone 
from well M shows a fracture, which is cemented by whewellite (w) and an associated 
hydrothermal mineral assemblage and halite (h) (image width is 16 cm). These fractures 
probably served as flow pathways for the hydrothermal fluids, which formed the pyrobitumen 
observed in Fig. 3b. The halite cement formed later. d) Plane-polarized transmitted light 
micrograph shows a halite-cemented (h) pore in the carbonate. The halite crystallized late in 
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burial evolution as it incorporates cube-shaped black inclusions of solid bitumen (arrows). 
The inset suggests that initially oil was enclosed, which decrepitated later in burial by thermal 
cracking. e) Plane-polarized transmitted light micrograph shows grain boundaries and an 
intracrystalline microcrack in the Ara salt, which are impregnated by solid bitumen (formed 
out of oil). The oil was flowing through the salt in a period of near-lithostatic fluid pressures, 
where oil displaced the brine in the grain boundaries. f) Plane-polarized transmitted light 
micrograph shows gamma-irradiated Ara salt. Black lines are grain boundaries filled with 
fluid inclusions and solid bitumen, while white lines define subgrains, which form by 
dynamic recrystallization. The interpretation is that the salt regained its sealing capacity and 
continued to recrystallize as indicated by the bright blue growth band in the centre of the 
micrograph as the fluid pressures were dropping below the minimum principal stress in the 
salt.  
 
In a later stage (stage 5 in Fig. 7), these fractures acted as preferred sites for renewed 
hydrofracturing with associated precipitation of a late halite. Most of the pore-
cementing halite in the Ara carbonate stringers can be classified as petrographically 
late as observed by solid reservoir bitumen inclusions in the halite cements (Fig. 3d). 
Geochemically, this late halite cement shows depleted bromine contents compared to 
the early halite but are still higher than the bromine contents of the pure Ara salt 
samples (see Fig. 2b). This is most likely the result of dissolution of early halite 
cements and reprecipitation in the same pore space after the generation of oil (note 
solid reservoir bitumen inclusions in Fig. 3d). If the dissolving fluids were of meteoric 
origin, the late halite cements would have strongly depleted bromine contents in the 
range of 20 ppm or less (e.g. Wardlaw & Watson, 1966). Therefore, it is suggested 
that the dissolving fluids derive from within the stringers, e.g. by remobilization 
during salt tectonics, thermochemical sulfate reduction or even due to the inflow of 
the hydrothermal fluids, which may have redistributed the original fluid chemistry in 
the stringers. Irrespective of the fluid source, the dissolution-reprecipitation processes 
did not significantly alter the primary distribution pattern in the stringers, which is 
consistent with the pattern observed for wells showing highest bromine contents (Fig. 
2b), where the primary halite cements essentially occur in the startigraphic uppermost 
half of the stringer. 
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Figure 4. Depth-temperature diagram shows a heterogeneous distribution of paleo-
temperatures in the Ara Group, even within a single stringer (note green squares deriving 
from one stringer). Same symbols denote samples measured from the same stringer interval. 
Note the exceptional high paleo-temperature of the pyrobitumen (shown in Fig. 3c), which 
can be as high as 380 °C as a result of hydrothermal activity. 
 
Black hydrocarbon-stained cores of the Ara salt directly above and below some of the 
stringers indicate periodic release of the high fluid overpressures in the stringers and 
loss of the sealing capacity of the surrounding rock salt (stage 6 in Fig. 7). 
Microstructures of the black salt show solid reservoir bitumen-impregnated grain 
boundaries and microcracks (Fig. 3e) and also evidence for crystal plastic 
deformation and dynamic recrystallization by the presence of subgrains (Fig. 3f). 
Paleo-stress calculations using subgrain size piezometry combined with laboratory-
calibrated dilatancy criteria for rock salt (Popp et al., 2001) revealed that the oil 
leaked into the deforming rock salt through a connected pore network system (triple 
junction tubes) under fluid pressures close to lithostatic, which caused microcracking 
and a significant increase of permeability (‘diffuse dilatancy’). These findings provide 
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new insights into fluid flow mechanisms through rock salt at the scale of grains and 
define the limits to the sealing capacity of rock salt. Sealing capacity is regained, if 
the fluid pressure drops below the minimum principal stress (?3), at which point rock 
salt will re-seal to maintain the fluid pressure close to lithostatic values. 
It has been already argued that deeply buried masses of rock salt can act as conduits 
for basinal waters along a stable interconnected brine-filled porosity using laboratory 
experiments (Lewis & Holness, 1996). However, it was not documented so far, what 
does essentially drive fluid flow in rock salt. The findings outlined above explain 
these mechanisms in a natural field study for the first time and they can be readily 
applied to other evaporite basins worldwide. 
Interestingly, the process of diffuse dilatancy has been proposed to occur in partially 
molten mantle rocks (Daines & Kohlstedt, 1994), and in high-grade metamorphic 
rocks of the lower crust (Ferry, 1994), where fluid transport processes (so-called 
‘porous flow’) are thought to be active at grain-size scale melt networks (triple 
junction tubes). 
2.3 Epigenetic alterations and telogenetic modifications  
The contents of this section are related to the GSB, where surface-piercing salt domes 
are constituted by Ara carbonates and evaporites (Peters et al., 2003). The salt domes 
hence represent a suitable outcrop analogue for the deeply buried Ara play in the 
SOSB and the results can be partly extrapolated to the subsurface Ara play of the 
SOSB. In addition, valuable insights on telogenetic modifications in the stringers due 
to the diapir rise and on the structural evolution of the surrounding Ara salt were 
obtained.  
Field observations have shown that the stringers comprise the same suite of facies as 
the stringers in the subsurface of the SOSB. However, extrapolating the knowledge on 
facies, productivity and geochemistry from the Ara stringers of the SOSB to the salt 
domes of the GSB suggests that only the stratigraphic uppermost stringer intervals are 
exposed at the surface, i.e. the A5C and A6C. These intervals have proven to be 
mainly non-productive. Reflectance measurements on sparse amounts of solid 
reservoir bitumen in the stringers indicate paleo-temperatures of 200 to 300 °C, 
suggesting that the stringers exposed in the GSB were buried much deeper due to 
passive downbuilding than the stringers in the SOSB, which are recently at depths of 
Chapter 8: Synthesis 
 266
3-6 km. This implies that the lower intervals (A1C to A4C), which represent the 
productive reservoirs in the SOSB, are still encased in the lower portions of the 
surface-piercing salt domes. This interpretation would extremely highgrade the 
prospectivity of the Ara Group in the GSB but further research, especially on seismic 
interpretation, is required here.  
The work of Filbrandt et al. (2006) clearly showed that four out of the six surface-
piercing salt domes in the GSB were reactivated along deeply rooted strike-slip fault 
zones in the Late Cretaceous. Some of the carbonate stringers in the Jebel Majayiz 
salt dome, located along the Maradi fault zone, display the so-called ‘zebra’ fabric 
(Fig. 5a), which generally forms during late diagenetic dolomitization under 
hydrothermal (epigenetic) conditions and record short-term shear stress and pore fluid 
pressure transients preferentially in the direct vicinity of periodically active strike-
slips faults (Swennen et al., 2003; Davies et al., 2005). Petrography of the ‘zebras’ 
records multiple episodes of hydrofracturing (Fig. 5b) associated with hot external 
fluids as indicated by different hydrothermal mineral assemblages in the fracture 
cements. The most likely scenario for the influx of hydrothermal fluids into the 
stringers is the association with some of the deep-rooted strike-slip faults of the 
Maradi fault zone, which were running through the interior of the future Jebel 
Majayiz salt dome (stage 7 in Fig. 7). 
At this point, it may be interesting to speculate whether the hydrothermal activities of 
the GSB and the SOSB (see Fig. 3b) are contemporaneous. The absence of ‘zebra’ 
fabrics in the subsurface stringers of the SOSB means either that they were simply not 
cored yet, or different conditions in both basins. The SOSB and GSB did most likely 
not undergo the same tectonic history in Late Cretaceous times (Loosveld et al., 1996; 
Filbrandt et al., 2006). Thus, the hydrothermal activities in the SOSB may mark an 
earlier event. Regardless of the timing of both fabrics, this study provides evidence 
for hydrothermal activities in interior Oman for the first time. 
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Figure 5. Characteristic photographs for epi- and telogenetic processes in Ara rocks from 
surface-piercing salt domes of the GSB. a) Outcrop photo from salt dome Jebel Majayiz 
shows a strongly dolomitized carbonate (image width is 1.5 m). The white veins are of 
dolomite and display the so-called ‘zebra’ fabric (lower part), which formed by 
hydrofracturing associated with hydrothermal fluids during the activity of the Late Cretaceous 
Maradi strike-slip fault zone. b) Cathodoluminescence image of a ‘zebra’ dolomite, indicating 
multiple phases of hydrofracturing associated with the cementation of quartz, calcite, 
dolomite, magnesite, siderite, apatite, celestite and barite. c) Plane-polarized transmitted light 
micrograph of gamma-irradiated Ara salt (at 100 °C) indicates complete recrystallization in 
contrast to the SOSB. New strain-free grains consume large subgrain-rich grains. Note that 
subgrain size is smaller compared to the subsurface salt (see Fig. 3f). d) Outcrop photo shows 
a tectonic breccia with veins in a laminated carbonate. Length of pencil cap is 4 cm. e) Scan 
of polished handspeciman shows a highly fractured fabric, with antitaxial (syntectonic) calcite 
(stained with Alizarin Red S). Stable isotope values of these veins (and the veins in previous 
Figure) have a strongly depleted signature compared to values of the calcite matrix, which 
strongly suggests that these veins formed from meteoric waters in a diagenetic open system. 
Image width corresponds to 20 cm. f) Outcrop photograph of salt dome Qarn Nihayda shows 
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two prominent carbonate stringers, which are embedded in large masses of anhydrite caprock 
as a residual of intense salt dissolution by flowing groundwater and rain near and at the 
surface, respectively. This process structurally reorganized the carbonate stringers, resulting 
in a chaotic juxtaposition. Note Jeep for scale. 
 
The Late Cretaceous faults in the GSB created accommodation space for growth of 
the salt diapirs in a compressional strike-slip setting (Filbrandt et al., 2006). During 
the rise, the Ara salt underwent complete dynamic recrystallization (Fig. 5c). Data on 
subgrain size piezometry show that differential stresses were much higher in the Ara 
salt, which reached the surface than in the subsurface material (Fig. 6). This is 
attributed to the high flow stresses in the cold diapir stem as the salt rises on its way 
to the surface (path 1 – 1’ in stage 8 of Fig. 7). It is in this structural level, where the 
intra-salt stringers underwent most intense deformation as observed by the 
widespread occurrence of tectonic breccias associated with veins in the surface-
piercing carbonates (Figs. 5d and 5e). Stable isotopes of the calcite veins (see Figs. 2b 
and 5e) have a clear meteoric signature, indicating deformation under open diagenetic 
conditions by the entry of external fluids, which dissolved the surrounding salt. In 
addition, the stable isotope data probably indicate slightly altered Pleistocene and/or 
Holocene signals of continental pluvial periods in northern Oman (Fleitmann et al., 
2003; Immenhauser et al., 2007), which points to (sub)recent activity of the salt 
domes.  
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Figure 6. Logarithmic subgrain size vs. logarithmic differential paleo-stress of experimental 
data from Carter et al. (1993) and Franssen (1993) compiled by Schléder & Urai (2005) to 
calculate differential paleo-stresses in rock salt. The main conclusion of this chart is that rock 
salt records the high stresses of the cold and narrow diapir stem compared to lower stresses in 
the deeply buried rock salt. 
 
As the salt underwent dissolution by flowing groundwater, large masses of residual 
anhydrite were subsequently accumulated as a cap at the crest of the rising diapir. 
This process was enhanced as the salt reached the surface (stage 9 in Fig. 7), where it 
was exposed to periodic rainfall mentioned above. In addition to early 
compartmentalization and to faulting and thrusting during diapir rise, the dissolution 
processes certainly contributed in large parts to the recent chaotic juxtaposition and 
superimposition of the carbonate stringers, embedded in thick anhydrite caprocks 
(Fig. 5f).  
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Figure 7. Schematic event sketch summarizing the results of this thesis in the context of the 
depositional and burial evolution of the South Oman Salt Basin (SOSB) and the Ghaba Salt 
Basin (GSB). The most important diagenetic and tectonic processes were placed in a specific 
burial environment (syn- to telogenetic) and marked from stage 1 to 9. Illustration is not to 
scale. 
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3 Conclusions 
A number of diagenetic processes were deduced from petrographic work and 
correlated geochemistry on carbonates and evaporites from the ‘Infra-Cambrian’ Ara 
Group. The results were presented in tandem with published data on the tectono-
sedimentary evolution of the SOSB and the GSB and provide the following 
generalized conclusions: 
- Early dolomitization occurred from marine waters before the carbonate 
stringers were fully encased in the Ara salt, which developed in marginally 
shallow marine brine pools (stage 1 in Fig. 7) 
- Halite cementation in the carbonate stringers is early and results from reflux of 
highly saline marine brines during deposition of the overlying Ara salt interval 
(stage 2 in Fig. 7). The patterns and formation mechanisms deciphered in this 
thesis can be readily extrapolated to other petroliferous evaporite basins 
- Most of the deformation (dynamic recrystallization) of the Ara salt in the 
SOSB is related to the phase of passive downbuilding (stage 3 in Fig. 7)  
- Polyphase thermal evolution of the Ara Group is indicated by solid reservoir 
bitumen, which formed by the influx of external hydrothermal fluids along 
hydrofractures into the carbonate stringers (stage 4 in Fig. 7). This shows that 
large amounts of fluids can be transported through salt diapirs, either by 
fracturing or diffuse dilatancy  
- Most early halite cements in the carbonate stringers were subject to dissolution 
and reprecipitation after oil generation (stage 5 in Fig. 7), showing that 
dissolution not only affects reservoirs quality but also alters the geochemical 
signature of evaporite minerals under deep burial conditions 
- The Ara salt repeatedly lost its sealing capacity due to fluid pressures close to 
lithostatic ? diffuse dilatancy (stage 6 in Fig. 7). This process has to be 
generically considered in other evaporite basins and as an important 
mechanism for fluid flow in the lower crust 
- ‘Zebra’ fabrics in salt domes of the GSB indicate that Late Cretaceous 
tectonics in Northern Oman was accompanied by hydrothermal fluid flow 
(stage 7 in Fig. 7) 
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- Highest differential paleo-stresses occur in the diapir stem during reactive rise 
of the salt domes in the GSB. In this stage, the intra-salt stringers underwent 
strong deformation in a diagenetic open system (stage 8 in Fig. 7).  
- The chaotic juxtaposition of carbonate stringers in the salt domes is a result of 
strong salt dissolution in the final stages of diapir rise and after piercement of 
the surface (stage 9 in Fig. 7)  
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Chapter 9: Outlook 
 
1 Introduction 
The main aim of this thesis is to obtain a solid understanding on the various controls 
of diagenesis on reservoir and seal quality of the Ara intra-salt hydrocarbon play in 
the South Oman and Ghaba Salt Basin. The results of this thesis serve as a 
comprehensive basis and opened several new ways for future research on specific 
aspects (e.g. selected case studies) of the complex evolution of the Ara Group 
hydrocarbon system.  
In the following, a number of different approaches for future fields of work in 
academic research and hydrocarbon exploration are considered which emerged during 
this thesis. 
2 Future fields of work in the Ara hydrocarbon play 
of the South Oman Salt Basin  
In chapter 2, the processes behind halite cementation in the Ara carbonate stringers 
were deciphered based on two selected case studies. This provided the basic concept 
on the 1D distribution of halite and solid bitumen in the stringers. However, the 
lateral distribution patterns of these cements in one stringer (field) are not understood 
so far. Continued research should focus on the analysis of several cores from one field 
to provide distribution maps, which can be integrated in existing facies and sequence 
stratigraphic models to better predict zones with deteriorated reservoir quality. Those 
field scale maps can be combined with production data, which in places indicate very 
heterogeneous vertical and lateral flow behaviour within one field. 
The analysis of bromine contents in the halite cements has been established as a new 
tool in cement stratigraphy to differentiate primary from ‘recycled’ halite. A 
consistent use of this tool in a field scale mapping study will provide clues on paleo-
fluid flow and paleo-salinity patterns in a carbonate stringer. The evaluation of those 
maps will help to answer the crucial questions why some stringers are not cemented 
by halite and where in the basin those stringers may be expected. In combination with 
other techniques, the bromine analysis can help to recognize mesogenetic processes, 
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exemplarily such as TSR processes occurring in the deepest stringers. This process 
releases some amounts of water, which dissolves the halite cements, leading to much 
more depleted bromine contents in reprecipitated halite compared to unaltered 
(primary) halite cements in shallower stringers. Those studies would greatly benefit 
from combined fluid inclusion microthermometry in order to define the burial 
environment of late halite cementation.  
A number of Ara carbonate cores show halite-cemented fractures and neither their 
origin nor their impact on reservoir quality has been understood yet. The simplest 
interpretations may be that the fractures are related to phases of rapid burial (during 
Ara salt deposition) and/or salt tectonism. However, even if the burial environment 
can be deduced it has still to be investigated where the NaCl-supersaturated brines 
come from and what drives halite precipitation. A systematic (micro)tectonic study 
comparing various halite-cemented fractures from the A1C to A6C, including the 
analysis of bromine would much help to figure out the timing of these fractures. 
The petrographic observations presented in chapter 2 revealed that anhydrite 
cementation is pervasive in the Ara stringers and represents another major exploration 
risk, which has not been considered before. There are at least 3 generations of 
anhydrite cements, which formed in the shallow (intrasediment) as well as in the deep 
burial realm. With this background the most interesting questions emerge as follows: 
Which microstructural relationships have the different anhydrite generations to other 
diagenetic phases, especially to solid reservoir bitumen? How is the vertical 
distribution of the microtextural different anhydrite cements? And how is this 
distribution related to halite cementation patterns? Answers to these questions will 
largely contribute to unravel the complex paleo-hydrology of saline brines in the Ara 
stringers and thus to identify different (and systematic?) cementation patterns in order 
to better predict reservoir quality. 
The thermal maturity history of solid reservoir bitumen in the Ara carbonates has 
been documented in chapter 3. However, it is not clear how much of the solid 
reservoir bitumen has been indeed formed by thermal cracking due to influxes of 
hydrothermal fluids. In detail, the maturity data show a very heterogeneous scatter 
within a number of stringers, which indicate the hydrothermal influences. 
Furthermore, the (lower bound of) data show an overall depth-related trend 
throughout the Ara Group, which records the evolution of maximum burial 
temperatures. In other words, a large portion of solid reservoir bitumen probably also 
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formed by thermal cracking as the oil pool was buried deeper. The spatial distribution 
pattern of this substance is poorly understood so far. More high-resolution data of 
solid bitumen reflectance and associated organic geochemistry from several stringers 
can provide first approaches to quantify the hydrothermal impact and in turn its 
impact on the diagenesis. The systematic investigation of the spatial distribution of 
the solid reservoir bitumen in tandem with halite and anhydrite cements will establish 
the fundament to construct diagenetic models for the Ara carbonates. 
Chapter 2 and 6 provide some detailed insights into distinct stages of the 
depositional environment and brine evolution during Ara salt sedimentation. Previous 
work has proven that the Ara Group is of marine origin and that the Ara salt 
developed in a series of salinas (Schröder et al., 2003). However, little is known on 
the brine stability at the time the salt was precipitated such as annual variations or the 
long-term brine evolution throughout Ara salt deposition. Those changes can be 
recognized by the use of chemostratigraphic (bromine) profiles throughout an Ara salt 
interval (Holser, 1979), which can be compared from different locations within the 
SOSB in order to recognize large-scale variations of brine evolution during ‘Infra-
Cambrian’ times throughout the basin.   
The rheologic properties and deformation mechanisms of the Ara salt from various 
setting were defined in detail in chapters 4 – 6. In addition, a mechanism, which 
enables fluids to flow through rock salt under natural conditions, has been described 
for the first time on a field-scale study (chapter 4). The Ara salt cores provide 
evidence that the oil flowed at least over a vertical distance of 10 m but the lateral 
extent remains unclear. Therefore, continued research on this topic, e.g. by the use of 
triaxial deformation experiments and numerical simulations, could help to quantify 
the amounts of oil released from the reservoirs into the salt. This would not only be of 
interest for the hydrocarbon industry but also for the storage of radioactive waste in 
rock salt as the presence of intergranular fluids in rock salt has been shown to 
dramatically weaken its rheology (Urai et al., 1986).     
 
Once some of the uncertainties outlined above are investigated more in detail, 
especially patterns for the prediction of reservoir quality, one long-term aim could be 
the construction of a reservoir property model using reservoir simulation packages 
such as for example GoCAD. 
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3 Future fields of work in the salt domes of the 
Ghaba Salt Basin 
The Ara Group lithologies constituting the surface-piercing salt domes in the GSB 
represent valuable outcrop equivalents for the subsurface Ara play in the SOSB 
(Peters et al., 2003). Chapter 6 and 7 focused on the general diagenetic and 
structural processes during reactive diapir rise. Extrapolations of data on carbonate 
facies and geochemistry between the different Ara stringer intervals of the SOSB and 
of the exposed stringers in the GSB suggests that the salt domes are mainly composed 
of stringers from the A5C and A6C interval. However, none of the surface-piercing 
stringers analysed so far display clear markers, which are necessary in order to 
correlate stringers within a salt dome and to the Ara play of the SOSB. Therefore, 
much more field work and geochemical analyses are needed to identify and exclude 
distinct stringer intervals (e.g. the negative ?13C excursion of the A4C or the 
occurrence of the fossil Cloudina, which is limited to the A1C - A3C intervals in the 
SOSB; Amthor et al., 2003). Nevertheless, detailed mapping of the lateral facies 
development of spatially extensive stringers will help to understand the sedimentary 
evolution of the Ara carbonates.  
Furthermore, the construction of a sedimentological model for the Ara Group in the 
GSB will shed additional light on the depositional environment in Infra-Cambrian 
times. In a regional context, those insights may help to correlate carbonate facies 
development from the southern and northern carbonate domains in the SOSB with the 
GSB and further to the north with the Iranian Hormuz ‘salt plugs’ (Kent, 1979). 
One of the most fascinating aspects on the salt domes in the GSB is that some of these 
extensive carbonate bodies were rising within the Ara salt diapirs from about 10 km 
burial depths until the surface (chapter 7), a process which has been subject of 
controversial debates in the past 15 years and described as enigmatic (Talbot & 
Jackson, 1987; Kupfer, 1989; Talbot & Jackson, 1989; Gansser, 1992; Talbot & 
Weinberg, 1992; Gansser, 1993). Only a few numerical simulations (Weinberg, 1993) 
and analogue models (Callot et al., 2006) have been addressed to this enigma and it is 
still poorly understood how intra-salt inclusions move and deform during uplift. 
Numerical simulations using finite element models may find approaches to this 
challenge, which require input parameters such as the rheology of the surrounding 
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Ara salt (see chapter 6). This is also relevant for modelling the stress-strain relations 
of the earliest movements and compartmentalization processes of the carbonate 
platforms within the Ara salt.  
In this context, a series of analogue experiments using a deformation apparatus that 
allows modelling the extrusion of viscous material (salt), which encloses a Mohr-
Coulomb material (stringers), would help to decipher the fate of competent inclusions 
during salt tectonics (for deformation set ups see Escher & Kuenen, 1929 and Talbot 
& Aftabi, 2004). 
 
 
 
 
 
 
 
 
 
 
 
Chapter 10: References 
 278
Chapter 10: References 
 
Abraham, H., (1948) Their occurrence, modes of production, uses in the arts and methods of 
testing, Asphalts and allied substances, 5th edition, pp. 1143-1148, Toronto, New 
York, London. 
Abramoff, M.D., Magelhaes, P.J., Ram, S.J., (2004) Image processing with ImageJ. 
Biophotonics International, 11(7), 36-42. 
Adams, J.F., Rhodes, M.L., (1960) Dolomitization by seepage refluxion. AAPG Bulletin, 44, 
1912-1920. 
Al-Balushi, S.K., (2005) Sedimentological and stratigraphical analysis of the 'Infracambrian' 
carbonate slabs in the Qarn Alam and Qarat Kibrit salt domes, Central Oman. 
Unpublished MSc Thesis, Sultan Qaboos University, Muscat, Oman. 
Al-Siyabi, H.A., (2005) Exploration history of the Ara intrasalt carbonate stringers in the 
South Oman Salt Basin. GeoArabia, 10(4), 39-72. 
Allen, P.A., Allen, J.R., (1990) Basin analysis - Principles and applications. Blackwell 
London. 
Amijaya, H., Littke, R., (2006) Properties of thermally metamorphosed coal from Tanjung 
Enim Area, South Sumatra Basin, Indonesia with special reference to the 
coalification path of macerals. International Journal of Coal Geology, 66, 271-295. 
Amthor, J.E., Grotzinger, J.P., Schröder, S., Bowring, S.A., Ramezani, J., Martin, M.W., 
Matter, A., (2003) Extinction of Cloudina and Namacalathus at the Precambrian-
Cambrian boundary in Oman. Geology, 31(5), 431-434. 
Amthor, J.E., Ramseyer, K., Faulkner, T., Lucas, P., (2005) Stratigraphy and sedimentology 
of a chert reservoir at the Precambrian-Cambrian Boundary: the Al Shomou 
Silicilyte, South Oman Salt Basin. GeoArabia, 10(2), 89-122. 
Ayora, C., Cendón, D.I., Taberner, C., Pueyo, J.J., (2001) Brine-mineral reactions in 
evaporite basins: Implications for the composition of ancient oceans. Geology, 29(3), 
251-254. 
Balk, R., (1953) Salt structure of Jefferson Island Salt Dome, Iberia and Vermilion Parishes, 
Louisiana. AAPG Bulletin, 37, 2455-2474. 
Barker, C., (1990) Calculated volume and pressure changes during the thermal cracking of oil 
to gas in reservoirs. AAPG Bulletin, 74(8), 1254-1261. 
Barker, C.E., Goldstein, R.H., (1990) Fluid-inclusion technique for determining maximum 
temperature in calcite and its comparison to the vitrinite reflectance geothermometer. 
Geology, 18, 1003-1006. 
Chapter 10: References 
 279
Barker, C., Pawlewicz, M.J., (1994) Calculation of vitrinite reflectance from thermal histories 
and peak temperatures. A comparison of methods. In: P.K. Mukhopadhyay, W.G. 
Dow (Eds.), Vitrinite reflectance as a maturity parameter: applications and 
limitations, pp. 216-229, ACS Symposium series 570. 
Barker, C.E., Bone, Y., (1995) The minimal response to contact metamorphism by the 
Devonian Buchan Caves Limestone, Buchan Rift, Victoria, Australia. Org. 
Geochemistry, 22(1), 151-164. 
Becker, F., Bechstädt, T., (2006) Sequence stratigraphy of a carbonate-evaporite succession 
(Zechstein 1, Hessian Basin, Germany). Sedimentology, 53, 1083-1120. 
Benison, K.C., Goldstein, R.H., (1999) Permian paleoclimate data from fluid inclusions in 
halite. Chemical Geology, 154, 113-132. 
Berg, R.R., (1975) Capillary pressures in stratigraphic traps. AAPG Bulletin, 59, 939-956. 
Bifani, R., (1986) Esmond Gas Complex. In: J. BROOKS, GOFF, J. C. & VAN HOORN, B. 
(Ed.), Habitat of Palaeozoic Gas in N. W. Europe, 23, Geological Society Special 
Publication, pp. 209-221.  
Blanc, P., Connan, J., (1994) Preservation, degradation, and destruction of trapped oil. In: 
L.B. Magoon, W.G. Dow (Eds.), The petroleum system - from source to trap, 60, 
AAPG Memoir, pp. 237-247.  
Bons, P.D., (2001) The formation of large quartz veins by rapid ascent of fluids in mobile 
hydrofractures. Tectonophysics, 336, 1-17. 
Borchert, H., Muir, R.O., (1964) Salt Deposits. The Origin, Metamorphism and Deformation 
of Evaporites. D. van Nostrand Company, Ltd., London, New York, Toronto. p. 338. 
Braithwaite, C.J.R., (1989) Stylolites as open fluid conduits. Marine and Petroleum Geology, 
6, 93-96. 
Bray, E.E., Evans, E.D., (1961) Distribution of n-paraffins as a clue to recognition of source 
beds. Geochimica et Cosmochimica Atca, 22, 2-15. 
Bredehoeft, J.D., (1988) Will salt repositories be dry? Eos (Transactions, American 
Geophysical Union), 69, 121-131. 
Brennan, S.T., Lowenstein, T.K., Horita, J., (2004) Seawater chemistry and the advent of 
biocalcification. Geology, 32(6), 473-476. 
Callot, J.-P., Rondon, D., Rigollet, C., Letouzey, J., Pillot, D., Mengus, J.-M., (2006) 
Stringers and evolution of salt diapirs, insight from analogue models. In: 2006 AAPG 
International Conference and Exhibition, Perth, Australia. 
Carter, N.L., Handin, J., Russell, J.E., Horseman, S.T., (1993) Rheology of rocksalt. Journal 
of Structural Geology, 15(9/10), 1257-1271. 
Carter, N.L., Hansen, F.D., (1983) Creep of rocksalt. Tectonophysics, 92, 275-333. 
Chapter 10: References 
 280
Carter, N.L., Hansen, F.D., Senseny, P.E., (1982) Stress magnitudes in natural rock salt. 
Journal of Geophysical Research, 87, 9289-9300. 
Casas, E., Lowenstein, T.K., (1989) Diagenesis or saline pan halite: comparison of 
petrographic features of modern, Quaternary and Permian halites. Journal of 
Sedimentary Petrology, 59(5), 724-739. 
Cendón, D.I., Ayora, C., Pueyo, J.J., Taberner, C., (2003) The geochemical evolution of the 
Catalan potash subbasin, South Pyrenean foreland basin (Spain). Chemical Geology, 
200, 339-357. 
Cohen, Y., Krumbein, W.E., Shilo, M., (1977) Solar Lake (Sinai) II. Distribution of 
photosynthic microorganisms and primary production. Limmol. Oceanogr., 21, 609-
620. 
Curiale, J.A., (1986) Origin of solid bitumens, with emphasis on biological marker results. In: 
Organic Geochemistry, 10, pp. 559. Pergamon: Oxford-New York. 
Dahl, B., Speers, G.C., (1986) Geochemical characterization of a tar mat in the Oseberg field, 
Norwegian sector, North Sea. In: D.L.A.J. Rullkötter (Ed.), Advances in Organic 
Geochemistry, pp. 547-558, Oxford. 
Dahl, J.E., Moldowan, J.M., Peters, K.E., Claypool, G.E., Rooney, M.A., Michael, G.E., 
Mello, M.R., Kohnen, M.L., (1999) Diamondoid hydrocarbons as indicators of 
natural oil cracking. Nature, 399, 54-57. 
Daines, M.J., Kohlstedt, D.L., (1994) The transition from porous to channelized flow due to 
melt/rock reaction during melt migration. Geophysical Research Letters, 21(2), 145-
148. 
Davies, G.R., Boreen, T., Smith Jr., L.B., (2005) Hydrothermal dolomite and leached 
limestone reservoirs: Representative core fabrics and facies. In: 2005 Core 
conference, Global roundup - Exploring Energy Systems, pp. 17-44, Calgary. 
Davies, G.R., Smith Jr., L.B., (2006) Structurally controlled hydrothermal dolomite reservoir 
facies: An overview. AAPG Bulletin, 90(11), 1641-1690. 
Derry, L.A., Kaufman, A.J., Jacobsen, S.B., (1992) Sedimentary cycling and 
 environmental change in the Late Proterozoic: evidence from stable and  radiogenic 
isotopes. Geochimica et Cosmochimica Atca, 56, 1317-1329. 
Dixon, S.A., Summers, D.M., Surdam, R.C., (1989) Diagenesis and preservation of porosity 
in Norphlet Formation (Upper Jurassic), Southern Alabama. AAPG Bulletin, 73(6), 
707-728. 
Downey, M.W., (1984) Evaluating seals for hydrocarbon accumulations. AAPG Bulletin, 68, 
1752-1763. 
Dronkert, H., Remmelts, G., (1996) Influence of salt structures on reservoir rocks in Block 
L2, Dutch continental shelf. Geology of gas and oil under the Netherlands, 159-166. 
Chapter 10: References 
 281
Drury, M.R., Urai, J.L., (1990) Deformation-related recrystallization processes. 
Tectonophysics, 172(3-4), 235-253. 
Duggan, J.P., Mountjoy, E.W., Stasiuk, L.D., (2001) Fault-controlled dolomitization at Swan 
Hills Simonette oil field (Devonian), deep basin west-central Alberta, Canada. 
Sedimentology, 48, 301-323. 
Dunne, W.M., Hancock, P.L., (1994) Paleostress analysis of small-scale brittle structures. In: 
P.L. Hancock (Ed.), Continetal deformation, pp. 101-120. Pergamon Press, Oxford. 
Edgell, H.S., (1991) Proterozoic salt basins of the Persian Gulf area and their role in 
hydrocarbon generation. Precambrian Research, 54, 1-14. 
El Tabakh, M., Utha-Aroon, C., Warren, J.K., Schreiber, B.C., (2003) Origin of dolomites in 
the Cretaceous Maha Sarakham evaporites of the Khorat Plateau, northeast Thailand. 
Sedimentary Geology, 157, 235-252. 
Escher, B.G., Kuenen, P.H., (1929) Experiments in connection with salt domes. Leidsche 
Geologische Mededeelingen, 3, 151-182. 
Esteban, M., Taberner, C., (2003) Secondary porosity development during late burial in 
carbonate reservoirs as a result of mixing and/or cooling of brines. Journal of 
Geochemical Exploration, 78-79, 355-359. 
Ferry, J.M., (1994) A historical review of metamorphic fluid flow. Journal of Geophysical 
Research, 99(B8), 15487-15498. 
Filbrandt, J.B., Al-Dhahab, S., Al-Habsy, A., Harris, K., Keating, J., Al-Mahruqi, S., Ismail 
Ozkaya, S., Richard, P.D., Robertson, T., (2006) Kinematic interpretation and 
structural evolution of North Oman, Block 6, since the Late Cretaceous and 
implications for timing of hydrocarbon migration into Cretaceous reservoirs. 
GeoArabia, 11(1), 97-140. 
Fleitmann, D., Burns, S.J., Neff, U., Mangini, A., Matter, A., (2003) Changing moisture 
sources over the last 330,000 years in Northern Oman from fluid-inclusion evidence 
in speleothems. Quaternary Research, 60, 223-232. 
Flügel, E., (2004) Microfacies of carbonate rocks.- Analysis, Interpretation and application. 
Springer. p. 976. 
Fokker, P.A., (1995) The behaviour of salt and salt caverns. TU Delft. p. 143. 
Fokker, P.A., Urai, J.L., Steeneken, P.V., (1995) Production-induced convergence of solution 
mined caverns in Magnesium salts and associated subsidence. In: In: Proceedings Int. 
Conference on Land Subsidence, pp. 281-289, Den Haag. 
Franssen, R.C.M.W., (1993) Rheology of synthetic rocksalt with emphasis on the influence of 
deformation history and geometry on the flow behaviour. Rijksuniversiteit Utrecht. 
Gansser, A., (1992) The enigma of the Persian salt dome inclusions. Eclogae geol. Helv., 85, 
825-846. 
Chapter 10: References 
 282
Gansser, A., (1993) Again: The enigma of the Persian salt dome inclusions. Eclogae geol. 
Helv., 86(2), 629-631. 
Garcia Celma, A., Donker, H., (1996) The Effect of Gamma Radiation in Salt, EUR-Report 
16743EN. 
Gauthier, B.D.M., Franssen, R.C.M.W., Drei, S., (2000) Fracture networks in Rotliegend gas 
reservoirs of the Dutch offshore: implications for reservoir behaviour. Geologie en 
Mijnbouw/Netherlands Journal of Geoscience, 79, 45-57. 
Geluk, M.C., (1998) Internal tectonics of salt structures. Journal of Seismic Exploration, 7, 
237-250. 
Gentzis, T., Goodarzi, F., (1990) A review of the use of bitumen reflectance in hydrocarbon 
exploration with examples from Melvelle Island, Arctic Canada. In: V.F. Nuccio, 
C.E. Barker (Eds.), Applications of maturity studies to energy exploration, pp. 23-36. 
Giles, M.R., de Boer, R.B., (1989) Secondary porosity: creation of enhanced porosities in the 
subsurface from the dissolution of carbonate cements as a result of cooling formation 
waters. Marine and Petroleum Geology, 6, 261-269. 
Gill, D., (1994) Niagaran reefs of Northern Michigan. 1. Exploration portrait. Journal of 
Petroleum Geology, 17, 99-110. 
Goodarzi, F., Eckstrand, O.R., Snowdon, L., Williamson, B., Stasiuk, L.D., (1992) Thermal 
metamorphism of bitumen in Archean rocks by ultramafic volcanic flows. 
International Journal of Coal Geology, 20, 165-178. 
Gorin, G.E., Racz, L.G., Walter, M.R., (1982) Late Precambrian-Cambrian sediments of Huqf 
Group, Sultanate of Oman. AAPG Bulletin, 66(12), 2609-2627. 
Grantham, P.J., (1986) The occurence of unusual C27 and C29 sterane predominances in two 
types of Oman crude oil. Org. Geochemistry, 9, 1-10. 
Grunau, H.R., (1987) A worldwide look at the cap-rock problem. J. Pet. Geol., 10(3), 243-
266. 
Guéguen, Y., Dienes, J., (1989) Transport properties of rocks from statistics and percolation. 
Mathematical Geology, 21, 1-13. 
Hanna, S.S., Nolan, S.C., (1989) The Maradi fault zone: evidence of Late Neogene tectonics 
in the Oman mountains. Journal Of the Geological Society, London, 146, 867-871. 
Hansen, F.D., Carter, N.L., (1984) Creep of Avery Island rocksalt. In: Proceedings of the first 
conference on mechanical behaviour of salt, pp. 53-69. Trans Tech Publications, 
Clausthal-Zellerfeld, Germany. 
Hardie, L.A., (1967) The gypsum-anhydrite equilibrium at one atmosphere pressure. The 
American Mineralogist, 52, 171-200. 
Hardie, L.A., (1984) Evaporites: marine or non-marine? American Journal of Science, 284, 
193-240. 
Chapter 10: References 
 283
Hardie, L.A., (1987) Perspectives dolomitization: a critical view of some current views. 
Journal of Sedimentary Petrology, 57(1), 166-183. 
Hardie, L.A., (1996) Secular variation in seawater chemistry: an explanation for the coupled 
secular variation in the mineralogies of marine limestones and potash evaporites over 
the past 600 m.y. Geology, 24, 279-283. 
Head, I.M., Jones, D.M., Larter, S.R., (2003) Biological activity in the deep subsurface and 
the origin of heavy oil. Nature, 426 (344-352). 
Heard, H.C., Ryerson, F.J., (1986) Effect of cation impurities on steady-state flow of salt. In: 
B.E. Hobbs, H.C. Heard (Eds.), Mineral and rock deformation: laboratory studies, 
36, pp. 99-115. AGU Gephysical Monograph. 
Heward, A.P., (1990) Salt removal and sedimentation in Southern Oman. Geological Society 
Special Publication, 49, 637-652. 
Hildenbrand, A., Urai, J.L., (2003) Investigation of the morphology of pore space in 
mudstones - first results. Marine and Petroleum Geology, 20, 1185-1200. 
Hilgers, C., Urai, J.L., (2005) On the arrangement of solid inclusions in fibrous veins and the 
role of the crack-seal mechanism. Journal of Structural Geology, 27, 481-494. 
Hocott, C.R., (1938) Interfacial tension between water and oil under reservoir  conditions. 
AIME Petroleum Trans., 32, 184-190. 
Hofmann, B.A., Bernasconi, S.M., (1998) Review of occurrences and carbon isotope 
geochemistry of oxalate minerals: implications for the origin and fate of oxalate in 
diagenetic and hydrothermal fluids. Chemical Geology, 149, 127-146. 
Holness, M., Lewis, S., (1997) The structure of the halite-brine interface inferred from 
pressure and temperature variations of equilibrium dihedral angles in the halite-H2O-
CO2 system. Geochimica et Cosmochimica Atca, 61(4), 795-804. 
Holser, W.T., (1979) Trace elements and isotopes in evaporites. In: R.G. Burns (Ed.), Marine 
minerals, 6, pp. 295-346. 
Horseman, S.T., Handin, J., (1990) Triaxial compression tests on rocksalt at temperatures 
from 50 °C to 200 °C and strain rates from 10-4 to 10-9 1/s. In: A.G. Duba, W.B. 
Durham, J. Handin, H.F. Wang (Eds.), The brittle-ductile transition in rocks, 56, pp. 
103-110. American Geophysical Union. 
Horsfield, B., Schenk, H.J., Mills, N., Welte, D.H., (1992) An investigation of the in-reservoir 
conversion of oil to gas: compositional and kinetic findings from closed-system 
programmed-temperature pyrlysis. In: C.B. Eckhardt, J.R. Maxwell, S.R. Larter, D.A. 
Manning (Eds.), Advcances in organic geochemistry, 19, pp. 191-204.  
Huc, A.Y., (2000) Pyrobitumen occurrence and formation in a Cambro-Ordovician sandstone 
reservoir, Fahud salt basin, North Oman. In: Chemical Geology, 168 (Ed. by P. 
Nederlof, R. Debarre, B. Carpentier, M. Boussafir, F. Laggoun-Defarge, A. Lenail-
Chapter 10: References 
 284
Chouteau, N. Bordas-Le Floch), pp. 99. Elsevier: Amsterdam, Netherlands, 
Netherlands. 
Hughes Clarke, M.W., (1988) Stratigraphy and rock unit nomenclature in the oil-producing 
area of interior Oman. Journal of Petroleum Geology, 11(1), 5-60. 
Hunsche, U., Schulze, O., Walter, F., Plischke, I., (2003) Projekt Gorleben. 
Thermomechanisches Verhalten von Salzgestein, pp. 157. BGR, Hannover. 
Hunt, J.M., (1990) Generation and migration of petroleum from abnormally pressured fluid 
compartments. AAPG Bulletin, 74, 1-12. 
Husseini, M.L., Husseini, S.I., (1990) origin of the infra-Cambrian salt basins of the Middle 
East. In: J. Brooks (Ed.), Classic Petroleum Provinces, 50 (Ed. by J. Brooks), pp. 
279-292. Geological Society Special Publication. 
Hwang, R.J., Teerman, S., Carlson, R., (1998) Geochemical comparison of reservoir solid 
bitumens with diverse origins. Org. Geochemistry, 29, 505-518. 
Immenhauser, A., Dublyansky, Y.V., Verwer, K., Fleitmann, D., Pashenko, S.E., (2007) 
Textural, elemental, and isotopic characteristics of Pleistocene phreatic cave deposits 
(Jabal Madar, Oman). Journal of Sedimentary Research, 77, 68-88. 
Ingram, G.M., Urai, J.L., (1999) Top-seal leakage through faults and fractures: the role of 
mudrock properties. In: A.C. Alpin, A.J. Fleet, J.H.S. Macquaker (Eds.), Muds and 
mudstones: Physical and Fluid Flow Properties, 158, pp. 125-135. Geological Society 
of London, Special Publication. 
Ingram, G.M., Urai, J.L., Naylor, M.A., (1997) Sealing processes and top seal assessment. In: 
N.P. Society (Ed.), Hydrocarbon Seals: Importance for Exploration and Production, 
7, pp. 165-174. 
Jackson, M.P.A., Cornelius, R.R., Craig, C.H., Gansser, A., Stöcklin, J., Talbot, C.J., (1990) 
Salt diapirs of the Great Kavir, Central Iran. Geological Society of America. 
Jackson, M.P.A., Roberts, D.G., Snelson, S., (1996) Salt tectonics - A global perspective. In: 
AAPG Memoir, 65, pp. 454. AAPG Bulletin, Tulsa, U.S.A. 
Jacob, H., (1989) Classification, structure, genesis and practical importance of natural solid 
oil bitumen ("migrabitumen"). International Journal of Coal Geology, 11, 65-79. 
Jacobsen, S.B., Kaufman, A.J., (1999) The Sr, C and O isotopic evolution of Neoproterozoic 
seawater. Chemical Geology, 161, 37-57. 
Kendall, A.C., (1988) Aspects of evaporite basin stratigraphy. In: B.C. Schreiber (Ed.), 
Evaporites and Hydrocarbons, pp. 11-65. Columbia University Press, New York. 
Kendall, A.C., (2000) Compaction in halite-cemented carbonates-the Dawson Bay formation 
(Middle Devonian) of Saskatchewan, Canada. Sedimentology, 47(1), 151. 
Chapter 10: References 
 285
Kenig, F., Huc, A.Y., (1990) Incorporation of sulfur into recent organic matter in a carbonate 
environment (Abu Dhabi, U.A.E.). In: W.L. Orr, C.M. White (Eds.), Geochemistry of 
sulfur in fossil fuels, ACS Symposium Series, 429, pp. 170-185. 
Kenig, F., Huc, A.Y., Purser, B.H., Oudin, J.-L., (1990) Sedimentation, distribution and 
diagenesis of organic matter in a recent carbonate environment, Abu Dhabi, U.A.E. 
In: B. Durand, F. Béhar (Eds.), Advances in organic geochemistry 1989, Org. 
Geochemistry, 16, pp. 735-747. 
Kent, P.E., (1979) The emergent Hormuz salt plugs of southern Iran. Journal of Petroleum 
Geology, 2(2), 117-144. 
Khavari-Khorosani, G., Murchison, D.G., (1978) Thermally metamorphosed bitumen from 
Windy Knoll, Derbyshire, England. Chemical Geology, 22, 91-105. 
Killops, S., Killops, V., (2005) Introduction to organic geochemistry. Blackwell Publishing. 
p. 393. 
Kirkland, D.W., Evans, R., (1981) Source rock potential of evaporitic environment. AAPG 
Bulletin, 65, 181-190. 
Kovalevich, V.M., Peryt, T.M., Petrichenko, O.I., (1998) Secular variations in seawater 
chemistry during the Phanerozoic as indicated by brine inclusions in halite. Journal 
of Geology, 106, 695-712. 
Koyi, H., (2001) Modeling the influence of sinking anhydrite blocks on salt diapirs targeted 
for hazardous waste disposal. Geology, 29(5), 387-390. 
Kukla, P.A., Ochs, S., Rawahi, Z., Newall, M.J., (2007) Distribution and mechanisms of 
overpressure generation and deflation in the Neoproterozoic Sout Oman Salt Basin - 
Geo2006abstracts (part III). GeoArabia, 12(3), 151. 
Kupfer, D.H., (1976) Shear zones inside Gulf Coast salt stocks help to delineate spines of 
movement. AAPG Bulletin, 60, 1434-1447. 
Kupfer, D.H., (1989) Internal kinematics of salt diapirs: Discussion. AAPG Bulletin, 73(7), 
939-942. 
Laier, T., Nielsen, B.L., (1989) Cementing halite in Triassic Bunter Sandstone (Tonder, 
southwest Denmark) as a result of hyperfiltration of brines. Chemical Geology, 76, 
353-363. 
Land, L.S., Eustice, R.A., Mack, L.E., Horita, J., (1995) Reactivity of evaporites during burial 
- An example from the Jurassic of Alabama. Geochimica et Cosmochimica Atca, 59, 
3765-3778. 
Landis, C.R., Castaño, J.R., (1995) Maturation and bulk chemical properties of a suite of solid 
hydrocarbons. Org. Geochemistry, 22(1), 137-149. 
Larter, S.R., Huang, H., Adams, J., Bennet, B., Jokanola, O., Oldenburg, T., Jones, M., Head, 
I.M., Riediger, C.L., Fowler, M., (2006) The controls on the composition of 
Chapter 10: References 
 286
biodegraded oils in the deep subsurface: Part II - Geological controls on subsurface 
biodegradation fluxes and constraints on reservoir-fluid property prediction. AAPG 
Bulletin, 90(6), 921-938. 
Lasaga, A.C., (1998) Kinetic theory in the Earth Sciences, Princeton, New Jersey. 
Lewis, S., Holness, M., (1996) Equilibrium halite-H2O dihedral angles: High rock-salt 
permeability in the shallow crust? Geology, 24(5), 431-434. 
Li, S., Dong, M., Li, Z., Huang, S., Qing, H., Nickel, E., (2005) Gas breakthrough pressure 
for hydrocarbon reservoir seal rocks: implications for the security of long-term CO2 
storage in the Weyburn field. Geofluids, 5, 326-334. 
Littke, R., (1993) Deposition, diagenesis and weathering of organic matter-rich sediments. 
Springer. p. 216. 
Littke, R., Brauckmann, J., Radke, M., Schaefer, R.G., (1996) Solid bitumen in Rotliegend 
gas reservoirs in northern Germany: Implications for their thermal and filling history. 
Zentralbl. Geol. Paläont., Teil I, 11, 1275-1292. 
Lomando, A.J., (1992) The influence of solid reservoir bitumen on reservoir quality. AAPG 
Bulletin, 76(8), 1137-1152. 
Looff, K.M., (2000) Geologic and microstructural evidence of differential salt movement at 
Weeks Island salt dome, Iberia Parish, Louisiana. Gulf coast association of 
geological societies transactions, 50, 543-555. 
Loosveld, R.J.H., Bell, A., Terken, J.J.M., (1996) The tectonic evolution of interior Oman. 
GeoArabia, 1(1), 28-51. 
Lowenstein, T.K., Hardie, L.A., (1985) Criteria for the recognition of salt-pan evaporites. 
Sedimentology, 32, 627-644. 
Lowenstein, T.K., Spencer, R.J., (1990) Syndepositional origin of potash evaporites: 
petrographic and fluid inclusion evidence. American Journal of Science, 290, 43-106. 
Lucia, F.J., Major, R.P., (1994) Porosity evolution through hypersaline reflux dolomitization. 
In: B.H. Purser, M. Tucker, D. Zenger (Eds.), Dolomites - A volume in honor of 
Dolomieu, pp. 325-341. Blackwell Scientific Publications, Cambridge. 
Luczaj, J.A., Goldstein, R.H., (2000) Diagenesis of the lower Permian Krider member, 
southwest Kansas, USA: Fluid-inclusion, U-Pb, and fission-track evidence for reflux 
dolomitization during latest Permian time. Journal of Sedimentary Research, Section 
A-Sedimentary Petrology & Processes, 70, 762-773. 
Lux, K.-H., (2005) Long-term behaviour of sealed liquid-filled salt cavities - A new approach 
for physical modelling and numerical simulation - Basics from theory and lab 
investigations. Erdöl Erdgas Kohle, 121(11), 414-422. 
Machel, H.G., (2001) Bacterial and thermochemical sulfate reduction in diagenetic settings - 
old and new insights. Sedimentary Geology, 140, 143-175. 
Chapter 10: References 
 287
Machel, H.G., Lonnee, J., (2002) Hydrothermal dolomite - a product of poor definition and 
imagination. Sedimentary Geology, 152, 163-171. 
MacKenzie, A.S., Quigley, T.M., (1988) Principles of geochemical prospect appraisal. AAPG 
Bulletin, 72, 399-415. 
Mandl, G., (2005) Rock joints. Springer, Berlin Heidelberg. 
Mann, U., (1994) An integrated approach to the study of primary petroleum migration. In: J. 
Parnell (Ed.), Geofluids: origin, migration and evolution of fluids in sedimentary 
basins, 78, pp. 233-260. Geological Society London, Special Publication. 
Mattes, B.W., Conway Morris, S., (1990) Carbonate/evaporite deposition in the Late 
Precambrian-Early Cambrian Ara formation of Southern Oman. Geological Society 
Special Publication, 49, 617-636. 
Mazzullo, L.J., Harris, P.M., (1991) An overview of dissolution porosity development in the 
deep-burial environment, with examples from carbonate reservoirs in the Permian 
Basin. In: M.P. Candelaria (Ed.), Permian Basin Plays - Tomorrow's Technology 
Today, Midland, TX, 91-98, pp. 125-138. West Texas Geological Society Publication. 
Mohr M, Warren JK, Kukla PA, Urai JL, Irmen A (2007) Subsurface seismic record of salt 
glaciers in an extensional intracontinental setting (Late Triassic of northwestern 
Germany). Geology 35(11): 963-966. 
Monnin, C., Cividini, D., (2006) The saturation state of the world's ocean with respect to 
(Ba,Sr)SO4 solid solutions. Geochimica et Cosmochimica Atca, 70, 3290-3298. 
Mullin, J.W., (2001) Crystallization. Butterworth Heinemann. 
Murray, R.C., (1960) Origin of porosity in carbonate rocks. Journal of Sedimentary 
Petrology, 30, 59-84. 
Nandi, B.N., Belinko, K., Ciavaglia, L.A., Pruden, B.B., (1978) Formation of coke during 
thermal hydrocracking of Athabasca bitumen. Fuel, 57, 265-268. 
Nollet, S., Hilgers, C., Urai, J.L., (2006) Experimental study of polycrystal growth from an 
advecting supersaturated fluid in a model fracture. Geofluids, 6, 185-200. 
Olaussen, S., (1981) Formation of celestite in the Wenlock, oslo region Norway - evidence 
for evaporitic depositional environments. Journal of Sedimentary Petrology, 51, 37-
45. 
Passchier, C.W., Trouw, R.A.J., (2005) Microtectonics. Springer. 366 p. 
Peach, C., Spiers, C.J., (1996) Influence of crystal plastic deformation on dilatancy and 
permeability development in synthetic salt rock. Tectonophysics, 256, 101-128. 
Peach, C., Spiers, C.J., Trimby, P.W., (2001) Effect of confining pressure on dilatation, 
recrystallization, and flow of rock salt at 150 ºC. Journal of Geophysical Research, 
106, 13315-13328. 
Chapter 10: References 
 288
Peryt, T.M., Pierre, C., Gryniv, S.P., (1998) Origin of polyhalite deposits in the Zechstein 
(Upper Permian) Zdrada platform (northern Poland). Sedimentology, 45, 565-578. 
Peters, J.M., Filbrandt, J.B., Grotzinger, J.P., Newall, M.J., Shuster, M.W., Al-Siyabi, H.A., 
(2003) Surface-piercing salt domes of interior North Oman, and their significance for 
the Ara carbonate "stringer" hydrocarbon play. GeoArabia, 8(2), 231-270. 
Peters, K.E., (1986) Guidelines for evaluating petroleum source rock using programmed 
pyrolysis. AAPG Bulletin, 70, 318-329. 
Peters, K.E., Walters, C.C., Moldowan, J.M., (2005) Volume II: Biomarkers and isotopes in 
petroleum systems and earth history, The biomarker guide, Second edition, pp. 1155. 
Cambridge University Press. 
Plumley, W.J., (1980) Abnormally high fluid pressures: survey of some basic principles. 
AAPG Bulletin, 64(3), 414-423. 
Popp, T., Kern, H., Schulze, O., (2001) Evolution if dilatancy and permeability in rock salt 
during hydrostatic compaction and triaxial deformation. Journal of Geophysical 
Research, 106(B3), 4061-4078. 
Przibram, K., (1954) Irradiation colours in minerals. Endeavour, 13(49), 37-41. 
Purvis, K., Okkerman, J.A., (1996) Inversion of reservoir quality by early diagenesis: an 
example from the Triassic Buntsandstein, offshore the Netherlands. Geology of gas 
and oil under the Netherlands, 179-189. 
Putnis, A., Mauthe, G., (2001) The effect of pore size on cementation in porous rocks. 
Geofluids, 1, 37-41. 
Qobi, L., de Kuijper, A., Ming Tang, X., Strauss, J., (2001) Permeability determination from 
stoneley waves in the Ara Group carbonates, Oman. GeoArabia, 6(4), 649-666. 
Radke, B.M., Horsfield, B., Littke, R., Rullkötter, J., (1997) Maturation and petroleum 
generation. In: H. Welte, B. Horsfield, Baker (Eds.), Petroleum and basin evolution, 
insights from petroleum geochemistry, geology and basin modelling, pp. 169-229. 
Springer, Berlin, Heidelberg, New York. 
Radke, B.M., Mathis, R.L., (1980) On the formation and occurrence of saddle dolomite. 
Journal of Sedimentary Petrology, 50, 1149-1168. 
Ramsay, J.G., (1980) The crack-seal mechanism of rock deformation. Nature, 284 (5752), 
135-139. 
Reuning, L., Reijmer, J.J.G. and Betzler, C. (2002) Sedimentation cycles and their diagenesis 
on the slope of a Miocene carbonate ramp (Bahamas, ODP Leg 166). Marine 
Geology, 185, 121-142. 
Richter-Bernburg, G., (1980) Salt tectonics, interior structures of salt bodies. Bull. Cent. 
Rech. Explor.-Prod. Elf Aquitaine, 4, 373-393. 
Chapter 10: References 
 289
Riedinger, N., Kasten, S., Gröger, J., Franke, C., Pfeifer, K., (2006) Active and buried 
authigenic barite fronts in sediments from the Eastern Cape Basin. Earth and 
Planetary Science Letters, 241, 876-887. 
Risacher, F., Fritz, B., (2000) Bromine geochemistry of salar de Uyuni and deeper salt crusts, 
Central Altiplano, Bolivia. Chemical Geology, 167, 373-392. 
Roadifer, R.E., (1987). In: R.F. Meyer (Ed.), Exploration for heavy crude oil and natural 
bitumen, 1, pp. 3-23. Am. Assoc. Petrol. Geol., Tulsa. 
Roedder, E., (1984) The fluids in salt. American Mineralogist, 69, 413-439. 
Rogers, M.A., McAlary, J.D., Bailey, N.J.L., (1974) Significance of reservoir bitumens to 
thermal-maturation studies, Western Canada Basin. AAPG Bulletin, 5, 1806-1824. 
Sarg, J.F., (2001) The sequence stratigraphy, sedimentology, and economic importance of 
evaporite-carbonate transitions: a review. Sedimentary Geology, 140, 9-42. 
Schenk, O., Urai, J.L., (2004) Microstructural evolution and grain boundary structure during 
static recrystallization in synthetic polycrystals of Sodium Chloride containing 
saturated brine. Contributions to Mineralogy and Petrology, 146(6), 671-682. 
Schenk, O., Urai, J.L., (2005) The migration of fluid-filled grain boundaries in recrystallizing 
synthetic bischofite: first results of in-situ high-pressure, high-temperature 
deformation experiments in transmitted light. Journal of Metamorphic Geology, 695-
709. 
Schenk, O., Urai, J.L., Piazolo, S., (2006) Structure of grain boundaries in wet, synthetic 
ploycristalline, statically recrystallizing halite - evidence from cryo-SEM 
observations. Geofluids, 6, 93-104. 
Schenk, O., Urai, J.L., van der Zee, W. (2007) Evolution of boudins under progressively 
decreasing pore pressure – A case study of pegmatites enclosed in marble deforming 
at high grade metamorphic conditions, Naxos, Greece. American Journal of Science, 
307, 1009-1033. 
Schléder, Z., (2006) Deformation mechanisms of naturally deformed rocksalt. Published PhD 
Thesis, pp. 160. RWTH Aachen, Germany. 
Schléder, Z., Urai, J.L., (2005) Microstructural evolution of deformation-modified primary 
halite from the Middle Triassic Röt Formation at Hengelo, the Netherlads. 
International Journal of Earth Sciences (Geologische Rundschau), 94(Special issue 
5-6: Dynamics of sedimentary basins: the example of the Central European Basin 
system), 941-955. 
Schléder, Z., Urai, J.L., (2007) Deformation and recrystallization mechanisms in  mylonitic 
shear zones in naturally deformed extrusive Eocene-Oligocene  rocksalt from Eyvanekey 
plateau and Garmsar hills (central Iran). Journal of  Structural Geology, 29, 241-255. 
Chapter 10: References 
 290
Schoenherr, J., Littke, R., Urai, J.L., Kukla, P.A., Rawahi, Z., (2007a) Polyphase thermal 
evolution in the Infra-Cambrian Ara Group (South Oman Salt Basin) as deduced by 
solid bitumen maturity. Organic Geochemistry, 38(8), 1293-1318. 
Schoenherr, J., Reuning, L., Kukla, P.A., Littke, R., Urai, J.L., Rawahi, Z., (submitted-a) 
Halite cementation and carbonate diagenesis of intra-salt carbonate reservoirs of the 
Late Neoproterozoic to Early Cambrian Ara Group (South Oman Salt Basin). 
Sedimentology. 
Schoenherr, J., Schléder, Z., Urai, J.L., Fokker, P.A., Schulze, O., (2007b) Deformation 
mechanisms and rheology of Pre-cambrian rocksalt from the South Oman Salt Basin. 
In: M. Wallner, K.-H. Lux, W. Minkley, H. Hardy (Eds.), The mechanical behaviour 
of salt - Understanding of THMC processes in salt, pp. 167-173. Taylor & Francis 
Group. 
Schoenherr, J., Schléder, Z., Urai, J.L., Littke, R., Kukla, P.A., (submitted-b) Deformation 
mechanisms of deeply buried and surface-piercing Late Precambrian to Early 
Cambrian Ara Salt from interior Oman. International Journal of Earth Science 
(Geologische Rundschau). 
Schoenherr, J., Urai, J.L., Kukla, P.A., Littke, R., Schléder, Z., Larroque, J.M., Newall, M.J., 
Al-Abry, N., Al-Siyabi, H.A., Rawahi, Z., (2007c) Limits to the sealing capacity of 
rock salt: A case study of the Infra-Cambrian Ara Salt from the South Oman Salt 
Basin. AAPG Bulletin, 91(11), 1541-1557. 
Schowalter, T.T., (1979) Mechanics of secondary hydrocarbon migration and entrapment. 
AAPG Bulletin, 63, 723-760. 
Schreiber, B.C., El Tabakh, M., (2000) Deposition and early alteration of evaporites. 
Sedimentology, 47, 215-238. 
Schröder, S., (2000) Reservoir quality prediction in Ara Group carbonates of the South 
Carbonate Platform, South Oman Salt Basin. PhD Thesis, Geologisches Institut Bern, 
pp. 232. University Bern. 
Schröder, S., Grotzinger, J.P., (2007) Evidence for anoxia at the Ediacaran-Cambrian 
boundary: the record of redox-sensitive trace elements and rare earth elements in 
Oman. Journal of the Geological Society, London, 164, 175-187. 
Schröder, S., Grotzinger, J.P., Amthor, J.E., Matter, A., (2005) Carbonate deposition and 
hydrocarbon reservoir development at the Precambrian-Cambrian boundary: The Ara 
Group in South Oman. Sedimentary Geology, 180, 1-28. 
Schröder, S., Schreiber, B.C., Amthor, J.E., Matter, A., (2003) A depositional model for the 
terminal Neoproterozoic-Early Cambrian Ara Group evaporites in south Oman. 
Sedimentology, 50, 879-898. 
Chapter 10: References 
 291
Schutjens, P., (1991) Intergranular pressure solution in halite aggregates and quartz sands: an 
experimental investigation. Universiteit Utrecht, Utrecht. 
Seaborne, T.R., (1996) The influence of the Sabatayn Evaporites on the hydrocarbon 
prospectivity of the Eastern Shabwa Basin, Onshore Yemen. Marine and Petroleum 
Geology, 13(8), 963-972. 
Sears, S.O., Lucia, F.J., (1980) Dolomitization of Northern Michigan Niagara reefs by brine 
refluxion and fresh water/sea water mixing. In: D.H. Zenger, Dunham, J.B. and 
Ethington, R.L. (Ed.), Concepts and models of dolomitization, Special Publication, 
28, pp. 215-235. Society of Economic Paleontologists and Mineralogists. 
Secor, D.T., (1965) Role of fluid pressure in jointing. American Journal of Science, 263, 633-
646. 
Senseny, P.E., (1988) Creep properties of four salt rocks. In: Proceedings of the second 
conference on mechanical behaviour of salt, pp. 431-444. Trans Tech Publications, 
Clausthal-Zellerfeld, Germany. 
Senseny, P.E., Hansen, F.D., Russell, J.E., Carter, N.L., Handin, J., (1992) Mechanical 
behaviour of rock salt: Phenomenology and micromechanisms. Int. J. Rock Mech. 
Min. Sci & Geomech. Abstr., 29(4), 363-378. 
Shearman, D.J., (1970) Recent halite rock, Baja California, Mexico. Transaction of Mining 
and Metallurgy, 79B, 155-162. 
Sibson, R.H., (2003) Brittle-failure controls on maximum sustainable overpressure in 
different tectonic regimes. AAPG Bulletin, 87(6), 901-908. 
Siemann, M.G., (1995) Geochemische Untersuchung zur Entstehung der salinaren Lösungen 
im Bereich "Bunten First" des Endlagers für radioaktive Abfälle Morsleben. PhD 
Thesis, Technische Universität Clausthal, Germany. 
Siemann, M.G., Schramm, M., (2000) Thermodynamic modelling of the Br partition between 
aqueous solutions and halite. Geochimica et Cosmochimica Atca, 64(10), 1681-1693. 
Spiers, C.J., Carter, N.L., (1998) Microphysics of rocksalt flow in nature. In: Fourth 
Conference on the mechanical behaviour of salt, The Pennsylvania State University, 
June 17-18, 1996, Trans Tech Publications Series on rock and soil mechanics, 22, pp. 
115-128. 
Spiers, C.J., Schujtens, P.M.T.M., Brezowski, R.H., Peach, C., Liezenberg, J.L., Zwart, H.J., 
(1990) Experimental determination of constitutive parameters governing creep of 
rocksalt by pressure solution. In: R.J. Knipe, E.H. Rutter (Eds.), Deformation 
Mechanisms, Rheology and Tectonics, 24, pp. 215-227. Geol. Soc. London Spec. 
Publ. 
Chapter 10: References 
 292
Spiers, C.J., Schutjens, P., (1990) Densification of crystalline aggregates by fluid-phase 
diffusional creep. In: D.J. Barber, P.D. Meredith (Eds.), Deformation processes in 
minerals, ceramics and rocks, pp. 334-353. Unwin Hyman. 
Spiers, C.J., Urai, J.L., Lister, G.S., (1988) The effect of brine (inherent or added) on 
rheology and deformation mechanisms in salt rock. In: Trans. Tech., Clausthal-
Zellerfeld, Germany, The Mechanical behaviour of salt II, proceedings of the second 
conference on mechanical behaviour of salt (Ed. by H.R.H.a.M.N. Langer), pp. 89-
102. 
Strohmenger, C., Voigt, E., Zimdars, J., (1996) Sequence stratigraphy and cyclic development 
of Basal Zechstein carbonate-evaporite deposits with emphasis on Zechstein 2 off-
platform carbonates (Upper Permian, Northeast Germany). Sedimentary Geology, 
102, 33-54. 
Swarbrick, R.E., Osborne, M.J., (1998) Mechanisms that generate abnormal pressures: an 
overview. AAPG Memoir, 70, 13-34. 
Swennen, R., Vandeginste, V., Ellam, R., (2003) Genesis of zebra dolomites (Cathedral 
Formation: Canadian Cordillera Fold and Thrust Belt, British Columbia). Journal of 
Geochemical Exploration, 78-79, 571-577. 
Taberner, C., Cendón, D.I., Pueyo, J.J., Ayora, C., (2000) The use of environmental markers 
to distinguish marine vs. continental deposition and to quantify the significance of 
recycling in evaporite basins. Sedimentary Geology, 137, 213-240. 
Talbot, C.J., Jackson, M.P.A., (1987) Internal kinematics of salt diapirs. AAPG Bulletin, 
71(9), 1068-1093. 
Talbot, C.J., Jackson, M.P.A., (1989) Internal kinematics of salt diapirs: Reply. AAPG 
Bulletin, 73(7), 946-950. 
Talbot, C.J., Weinberg, R.F., (1992) The enigma of the Persian salt dome inclusions: 
Discussion. Eclogae geol. Helv., 85(3), 847-850. 
Talbot, C.J., Aftabi, P., (2004) Geology and models of salt extrusion at Qum Kuh, central 
Iran. Journal of the Geological Society, 161, 321-334. 
Taylor, P., Idiz, E., Macleod, G., Al-Ghammari, M., Ochs, S., (2007) Understanding the 
geological controls on fluid properties in the carbonate stringer play of South Oman. 
GeoArabia, 12(1), 196. 
Ter Heege, J.H., de Bresser, J.H.P., Spiers, C.J., (2005) Dynamic recrystallization of wet 
synthetic polycrystalline halite: dependence of grain size distribution on flow stress, 
temperature and strain. Tectonophysics, 396, 35-57. 
Terken, J.J.M., Frewin, N.L., Indrelid, S.L., (2001) Petroleum systems of Oman: Charge 
timing and risks. AAPG Bulletin, 85(10), 1817-1845. 
Chapter 10: References 
 293
Terzaghi, K., (1923) Die Berechnung der Durchlässigkeitsziffer des Tones aus dem Verlauf 
der Hydrodynamischen Spannungserscheinungen. Akademische Wissenschaft Wien, 
132-135. 
Tobin, R.C., Claxton, B.L., (2000) Multidisciplinary thermal maturity studies using vitrinite 
reflectance and fluid inclusion microthermometry: A new calibration of old 
techniques. AAPG Bulletin, 84(10), 1647-1665. 
Urai, J.L., (1983) Deformation of Wet Salt Rocks, pp. 221. Rijksuniversiteit Utrecht. 
Urai, J.L., Spiers, C.J., (2007) The effect of grain boundary water on deformation mechanism 
and rheology of rocksalt during long-term deformation. In: M. Wallner, K.-H. Lux, 
W. Minkley, H. Hardy (Eds.), The mechanical behaviour of salt - Understanding of 
THMC processes in salt, pp. 149-158. Taylor & Francis Group. 
Urai, J.L., Spiers, C.J., Zwart, H.J., Lister, G.S., (1986) Weakening of rock salt by water 
during long-term creep. Nature (London), 324(6097), 554-557. 
Urai, J.L., Spiers, C.J., Peach, C., Franssen, R.C.M.W., Liezenberg, J.L., (1987) Deformation 
mechanisms operating in naturally deformed halite rocks as deduced from 
microstructural investigations. Geologie en Mijnbouw, 66, 165-176. 
Valyashko, M.G., (1956) Geochemistry of bromine in the processes of salt deposition and the 
use of bromine content as a genetic and prospecting criterion. Geokhimiya, 6, 570-
589. 
van Krevelen, D.W., (1951) The H/C versus O/C diagram. In: C.R. Congr. Int. Strat. Géol. 
Carbonifère, 3rd session, pp. 359, Heerlen. 
van Opbroek, G., den Hartog, H.W., (1985) Radiation damage of NaCl: dose rate effects. 
Journal of Physics. C: Solid State Phys., 18, 257-268. 
Visser, W., (1991) Burial and thermal history of Proterozoic source rocks in Oman. 
Precambrian Research, 54, 15-36. 
Walters, C.C., Kelemen, S.R., Kwiatek, P.J., Pottorf, R.J., Mankiewicz, P.J., Curry, D.J., 
Putney, K., (2006) Reactive polar precipitation via ether cross-linkage: A new 
mechanism for solid bitumen formation. Org. Geochemistry, 37, 408-427. 
Wardlaw, N.C., Schwerdtner, W.M., (1966) Halite-Anhydrite seasonal layers in the Middle 
Devonian Prairie Evaporite Formation, Saskachewan, Canada. Geological society of 
America bulletin, 77, 331-342. 
Wardlaw, N.C., Watson, D.W., (1966) Middle Devonian salt formations and their bromide 
content, Elk Point Area, Canada. Canadian Journal of Earth Sciences, 3, 263-275. 
Warren, J.K., (2000) Dolomite: occurrence, evolution and economically important 
associations. Earth Science Reviews, 52, 1-81. 
Warren, J.K., (2006) Evaporites: Sediments, Resources and Hydrocarbons. Springer. 
Chapter 10: References 
 294
Washburn, E.W., (1921) Note on a method of determining the distribution of pore sizes in a 
porous material, Proceedings of the National Academy of Science, pp. 115-116. 
Wawersik, W.R., Zeuch, D.H., (1986) Modeling and mechanistic interpretation of creep of 
rock salt below 200 C. Tectonophysics, 121, 125-152. 
Weinberg, R.F., (1993) The upward transport of inclusions in Newtonian and power-law salt 
diapirs. Tectonophysics, 228, 141-150. 
Wilhelms, A., Larter, S.R., Head, I.M., Farrimond, P., di-Primio, R., Zwach, C., (2001) 
Biodegradation of oil in uplifted basins prevented by deep-burial sterilization. Nature, 
411, 1034-1036. 
Worden, R.H., Smalley, P.C., (1996) H2S-producing reactions in deep carbonate gas 
reservoirs - Khuff Formation, Abu Dhabi. Chemical Geology, 133, 157-171. 
Worden, R.H., Smalley, P.C., Cross, M.M., (2000) The influence of rock fabric and 
mineralogy on thermochemical sulfate reduction: Khuff Formation, Abu Dhabi. 
Journal of Sedimentary Research, 70(5), 1210-1221. 
Yi-Gang, Z., (1981) Cool shallow origin of petroleum - microbial genesis and subsequent 
degradation. AAPG Bulletin, 21, 1101-1117. 
Zák, K., Skála, R., (1993) Carbon isotopic composition of whewellite (CaC2O4 * H2O) from 
different geological environments and its significance. Chemical Geology, 106, 123-
131. 
 
 
 
 
 
 
 
 
Curriculum Vitae 
 
 295
Curriculum Vitae 
Johannes Schoenherr 
 
Personal 
Date of birth: 27.03.1976 
Place of birth: Jugenheim, Germany 
Nationality: German 
Contact:  j.schoenherr1@gmx.net 
 
Education 
March 2008 – 
Petroleum Geologist at ExxonMobil  
 
January 2008 
Post-Doc position at Geologie–Endogene Dynamik, RWTH Aachen University, 
Germany 
 
June 2004 – December 2007 
PhD research at Geologie–Endogene Dynamik, RWTH Aachen University, Germany 
Title: The Evolution of Halite, Solid Bitumen and Carbonate in the Petroleum System of  the 
South Oman Salt Basin. Grade: Summa Cum Laude 
 
October 1997 – May 2004 
German Diplom in Geology at Technical University Darmstadt, Germany 
Diplom thesis: Deformation Mechanisms and Kinematics along the Ortler-Thrust Fault 
(Southern Tyrol, Italy). Grade of Diplom: Very good (“A” equivalent) 
 
Research interests 
Field work in all kinds of settings, Salt tectonics, Fluid flow processes in petroliferous 
evaporite basins, Carbonate and evaporite sedimentology, Microtectonics of gamma-
irradiated rock salt, solid bitumen and vitrinite reflectance, Microtectonics of mid- to high-
grade metamorphites, Carbonate and evaporite diagenesis, Formation of mineral veins, 
Geomechanics of rock salt, Petrography and organic geochemistry of solid reservoir bitumen, 
Genesis of ‘Zebra’ dolomites, Geology of the Alps, Geology of the Middle East region. 
 
